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The energy levels of the copper atom, in all stages of ionization for which exper
imental data are available, have been compiled. Ionization energies, either experi
mental or theoretical, and experimental g-factors are given. Leading components of 
calculated eigenvectors are listed. 
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1. Introduction 

In 1952 Moore published a compilation of energy lev
els of copper containing the results of extensive analyses 
of Cu I through Co III along with six levels of Cu XIX 
(Na-like). Today, we have energy levels for most stages 
of ionization of Cu and very accurate calculated levels 
for Li-, He-, and H-like ions. The new experimental data 
were obtained with light sources such as the sliding 
spark, low inductance triggered spark, laser, tokamak, 
and beam-foil, most of which were unheard of in 1952. 

The present critical compilation of the atomic energy 
levels of copper in all stages of ionization is part of an 
ongoing program of the NIST (formerly NBS) Atomic 
Energy Levels Data Center to compile similar data for 
all the elements. Our recent publications include helium 
by Martin [1973, 1987], sodium, magnesium, aluminum, 
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CUXIV (S I sequence) ................. III ...... 590 
Cuxv (P I sequence) .."."" ..... " ...... "'''" ...... 591 
CUXVI (Si I sequence) .. .. .. .. .. .. .. ............... ~ .... 592 
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Cu XXIX (H I sequence) . ................ 615 

and silicon by Martin and Zalubas (1981, 1980, 1979, 
1983), and phosphorus by Martin, Zalubas, and Mus
grove (1985), potassium through nickel by Sugar and 
Corliss (1985), molybdenum by Sugar and Musgrove 
(1988), and lanthanum through lutetium by Martin, Za
lubas, and Hagan (1978). 

A companion work containing all published wave
lengths of Cu X through Cu XXIX is in preparation in 
collaboration with the Japanese Atomic Energy Re
search Institute at Tokai-Mura. Similar works for tita
nium by Mori et al. (1986) and iron, nickel, and 
molybdenum by Shirai et al. (1987a, 1987b, 1990) have 
been published. The strong lines of Cu I to Cu V are 
contained in the CRC Handbook of Chemistry and 
Physics, "Line Spectra of the Elements," edited by 
Reader and Corliss (1989). A compilation published by 
Kelly (1987) gives classifications and all wavelengths of 
copper ions below 2000 A. 

In the present work all energy levels are given in units 
of em-I. An estimate of the uncertainty of the energy 
level values or wavelengths determining them is usually 
given with each ion. This is reflected in the number of 
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significant figures given for the .levels. Ionization ener~ 
gies are also given in eV with the conversion factor 
8065.5410(24) cm-l/eV published by Cohen and Taylor 
[1987]. These values are usually derived from Rydberg 
series by the authors or by us from their data. Where 
series data are not available we have used ionization
energy values obtained by Lotz [1967] by isoelectronic 
extrapolation. These have an accuracy of about 1.0%, as 
estimated from comparisons with experimental values. 

We have included under the heading "Leading per
centages " the results of calculations that express the ei
genvector percentage composition of levels (rounded to 
the nearest percent) in terms of the basis states of a single 
configuration, or more than one configuration where 
configuration interaction has been included. We give 
fll"St the percentage of the basis state corresponding to 
the level's name; next the second largest percentage to
gether with the related basis state. Generally, when the 
leading percentage is less than 40%, no name is given. 
When the first and second resultant terms are the same 
but have different parentages, and their share of the ei
genvector composition sums to 40% or Dlore, the level is 
named as the higher percentage term. In cases where 
these percentages differ by one or two percent (an in
significant difference), either term may be selected for 
the level name, and the lower percentage may appear 
first. For an unnamed level, the term symbol for the 
leading percentage follows the percentage. The user 
sh~uld of course bear in mind that the percentages are 
model dependent, so that the results of different calcula
tions can yield notably different percentages. 

For configurations of equivalent d -electrons, several 
terms of the same LS type may occur. These are theoret
ically distinguished by their seniority number. In our 
compilations they are designated in the notation of Niel
son and Koster [1963]. For example, in the 3d5 configu
ration there are three 20 terms with seniorities of 1, 3, 
and 5. These terms are denoted as 201, 2D2, and 203 
respectively, by Nielson and Koster. 

We use without comment notations for various cou
pling schemes as appropriate. Martin, Zalubas, and 
Hagan [1978] give a complete summary of the coupling 
notations used here. tables of the allowed terms for 
equivalent electrons, etc. 

The text for each ion does not include a complete 
review of the literature but is intended to credit the ma
jor contributions. In assembling the data for each spec
trum, we referred to the following bibliographies: 

i. Papers cited by Moore (1952) 
ii. C. E. Moore (1969) 
iii. L. Hagan and W. C. Martin (1972) 
iv. L. Hagan (1977) 
v. R. Zalubas and A. Albright (1980) 

vi. A. Musgrove and R. Zalubas (1985) 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 

vii. Bibliographic file of publications since December 
1983 maintained by the NIST Atomic Energy Lev
els Data Center. 
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CUI 

~·;;:::29 

onization energy 62317.44 ± 0.10 cm- I (7.726 380±0.OOO 012 eV) 

Shenstone's [1948] analysis of this spectrum, with 
lVavelengths in the range of 1504 to 18229 A, provides 
he energy levels 3d 104s to 9s, 4p to lip, 4d to lId, 4f 
IUd 5/, as well as 3d94s2, 4s4p, 4s5p, 4s5s to 4s8s, and 
~s4d to 4s6d. All levels built on the 3d9 core are above 
he first ionization limit except 4s 2 and 4s4p. Shenstum::: 
'ccognized the coupling of 3d94s4p as 3d9fO)+ 
fs4pe· 3p O

), a scheme that is found to apply in general to 
Itl Il4.\'4p configllration~. Shenstone fit the very regular 2S 
md 20 series to extended Ritz formulas. However he 
bund that the 2po series is strongly perturbed by the 
IdlJ(20)4s4p(IPO) 2po term, causing considerable dis
)lacement of the 3d IOnp series and inverted 2po terms. 
l'he percentage compositions of the 3d94s4p levels are 
~jven by Martin and Sugar [1969], who included config
lration interaction with 3d84s24p. They also provided 
anpublished percentages for 3d94s 5s . 

Absorption spectra in the range of 1146-1633 A were 
lbserved by Tondello [1973] using flash-pyrolysis sup
)lemented by observations with an inductively heated 
·urnace. He extended the 3d IOnp series to n = 31 and re
)orted several series of the type 3d94snp and n/. The 
. eries 3d94snp 4pj/2, 4pj12, and 2pj12 show strong autoion
zation effects (broad Fano prof ties) due to mixing with 
he 3d10EP 2po continuum. The broadest line of the spec
rum is assigned to 3d104s 2Sl/l-3d94s5p 2p;12 but no 
)ther member of this series is identified. A series tenta
ively identified as 3dlO4se02)np 2pj12.3/2 is sharp but 
vould be expected to mix strongly with the continuum. 
N e have assigned J J-coupling terms where possible be
:ause they are more clearly associated with the limits 
~iven by Tondello. His LS names for the series are also 
ncluded. The C02)n/ and C03)n/ series have no unique 
erm designations. This is also true of the eOl)np series 
n JJ-coupling, although Tondello has given LS.desig-

nations. For e03)4f and COl)5/ the author gave two 
lines each because he was unable to select between them. 

The 3d94s(10)np 2po series is tentatively identified. 
Tondello notes that this series is sharp and that there is 
no doubt about the limit. 

Lungmin::: et al. [1980] ubtained high resolution ab
sorption data using a King furnace and a 6.6-m vacuum 
spectrograph in second and third orders of the grating. 
They observed the forbidden series 3d104.\' _3d lOn.\' fOT 
n = 20 - 41 and the electric quadrupole series 4s - nd for 
n =4-8. The 3d lOnp series was extended to n =57. We 
use their results where they improve the accuracy of 
previous measurements, as well as their value for the 
ionization energy. Most of the measurements of 
Longmire et al. have an uncertainty of ±0.10 cm- I 

while those of Tondello are ±O.7 cm -I. Each long term 
series observed in absorption has been grouped by series 
rather than interspersed by level value in numerical 
order. 

The g-values given to three and four places are from 
Blachman et al. [1969}, and the remaining ones are from 
Sommer [1926], Shenstone [1926], and Beals [1926] . 
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Cu I 

Conflguration Term J Level (cm-l
) g Leading percentages 

3d lO(18)4s 28 1/2 0.000 2.00 

3d94s2 2D 5/2 11202.565 1.23 
3/2 13245.423 0.80 

3d 1O(18)4p 2p0 1/2 30535.302 0.68 96 4 3d9(2D)4s4p(lpO) 2po 

3/. 30783.686 1.33 I 96 4 
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Cu I - Continued 

Configuration Term J Level (cm-l ) g Leading percentages 

3d9(2D)4s4p(3po) 4po 5/2 39 018.652 1.600 98 
3/2 40113.99 1.75 96 
1/2 40943.73 2.62 97 

3d9(~)4s4p(3pD) 4FO 9/2 40909.138 1.3340 100 
7/2 41 153.433 1.26 89 8 2FD 
5/2 41562.895 81 16 2FD 
312 42302.47 0.44 95 

3d1OeS)5s 2S 1/2 43137.209 

3d9fD)4s4p(3pD) 4DD 7/2 43513.95 1.45 87 11 2FD 
5/2 .u .606.268 1.43 43 33 2Fo 
3/2 #5#.153 1.09 65 26 2])0 
1/2 #915.61 0.00 64 33 2pD 

3d9(2D)4a4p(3pD) 2FO 5/2 4371)8.191 01 38 4DD 
712 44963.223 1.22 78 11 4Fo 

3d9(2])4s 4p(3po) 2p0 1/2 45821.00 65 33 4DD 
3/2 45879.311 1.22 55 35 znD 

3d9fD)4s4p(3po) 3/2 46172.842 0.69 40 2pD 36 2])0 

3d9fD)4s 4p(3po) 2J)D 5/2 46598.34 1.22 83 15 4DD 

3d1O(1S)5p 2pD 3/2 49382.95 
1/2 49383.26 

3d10eS)4d 2D 3/2 49935.200 0.82 
5/2 49942.057 1.19 

3dlOeS)6s 2S 1/2 52848.749 1.99 

3dlO(lS)6p 2pD 3/2 54784.06 
1/2 55027.74 

3d1°(1S)5d 2]) 3/2 55387.668 0.77 
5/2 55391.292 1.22 

3d 1O(lS)4f 2Fo 7/2 55426.3 
5/2 55429.8 

3d9fD)4s4pepO) 2Fo 7/2 56029.95 94 2 3dS(3F)4s24p 2FD 
5/2 58119.28 80 14 3d9(2]))4s4p(1po) 2Do 

3d9(~D)4s4p(lpD) 2p0 3/2 56343.74 92 4 3d8(3P)4s 24p 2pD 
1/2 58364.73 96 4 

3d9(2D)4s4pepD) 2J>D 5/2 56651.48 1.17 75 15 3d9(2]))4s4p(lpo) 2Fo 
3/2 58690.86 87 6 3dseF)4s24p 2J)0 

3d1°(1S)7s 2S 1/2 56671.387 

3d1°(1S)7p 2pD 1/2 57419.26 
312 57948.57 

3d1O(lS)6d 2J) 3/2 57893.05 
5/2 57895.10 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 
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Cu I - Continued 

Term J Level (em-I) g Leading percentages 

2f'o 5/2 57905.23 
7/2 57908.7 

2S 1/2 58568.92 

2]) 312 59249.46 
5/2 59250.72 

2po 3/2 59274.97 
1/2 59322.71 

.2S 1/2 59647.88 

zn 3/2 60066.61 
5/2 60066.33 

2p0 3/2 60070.18 
1/2 60084-84 

~ 6/2 60598.72 

2J) 3/2 60594.53 
5/2 60595.05 

2po 312 60595.07 
1/2 60601.18 

2po 312 60956.35 
1/2 60959.42 

2J> 3/2 60956.92 
512 60957.35 

2p0 3/2 61215.13 
1/2 61216.84 

2J) 5/2 61215.59 

2po 3/2 61406.75 
1/2 61407.50 

2p0 1/2,3/2 61552.67 
2po 1/2.3/2 61665.89 
2p0 1/2,3/2 61755.75 
2p0 1/2,3/2 61828.24-
2po 1/2,312 61887.55 
!apt 1/2,3/z 81 IJtJG.81J 
2p0 1/2,3/2 61977.86 
2p0 1/2,3/2 62012.71 
2p0 1/2,3/2 62042.45 
2po 1/z,S/2 62068.02 
2po 1/z,3/2 (/2090.18 
2p0 1/2,3/2 62109.53 
2p0 1/2,slz 62126.52 
2p0 1/2,3/2 6fJ 141.4(/ 
2p0 1/2,31z (/2154.75 
2p0 1/2,31z 621(/(/.62 
2p0 1/2,3/2 (/fJ 177.fJ3 
2p0 1/ sI?, 62186.74 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 
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Cu· I - Continued 

Configuration Term J Level (em-I) g Leading percentages 

3d1°(1S)32p 2po 112,312 62195.37 
3d lOeS)33p 2po 112,3/2 62203.12 
3d1O(lS)34p 2p0 1/2,3/2 62210.17 
3dlOeS)35p 2p0 1/2,3/2 62216.54 
3dlO(1S)36p 2p0 112,3/2 62222.35 
3d1°(1S)37p 2p0 1/2,3/2 62227.72 
3d1O(lS)38p 2po 1/2,3/2 62232.66 
3d1OeS)39p 2p0 1/2,3/2 62237.20 
3d lOeS)40p 2p0 1/2,3/2 62241.36 
3d1OeS)41p 2p0 112,3/2 62245.23 
3d1°(1S)42p 2p0 1/2,3/2 62248.80 
3dlO(IS)43p 2p0 112,3/2 62252.07 
3d1OeS)44p IIp. 1/2/'12 62255.13 
3d1O(lS)45p 2p0 1/2,3/2 62258.05 
3d lO(lS)46p 2p0 1/2,3/2 62260.72 
3d1O{lS)47p 2po 1/2,3/2 62263.19 
3d lO(1S)48p 2p0 1/2,3/2 62265.57 
3d1°(lS)49p 2p0 1/2,3/2 62267.71 
3dlOeS)50p 2po 1/2,3/2 62269.80 
Sa1O(lS)61p 2po 1/2.3/2 82271.78 
3d1°(lS)52p 2p0 1/2,3/2 62273.48 
3dlOeS)53p 2p0 1/2,312 62275.18 
3d 10(lS)54p 2p0 1/2,3/2 62276.72 
3dlO(lS)55p 2p0 1/2,3/2 62278.36 
3d1O(lS)56p 2p0 1/2,3/2 62279.78 
3d1°(1S)57p 2p0 1/2,3/2 62281.11 

3d1O(lS)20s 28 1/2 61955.72 
3dlOe8)21s 2S 1/2 61993.80 
3d1°(18)22s 28 1/2 62026.08 
3dlOeS)23s 2S 1/2 62054.02 
3d 1O(IS)248 28 1/2 62077.95 
3dlO(lS)25s 2S 1/2 62098.90 
3d 1O(IS)26s 28 liz 62117.34 
3d1°(1S)27s 2S 1/2 62133.05 
3d1O(lS)28s 28 1/2 62147.42 
3d1°(lS)29s 2S 1/2 62159.95 
3d1°(18)30s 28 1/2 61271.39 
3d1°(1S)31s ZS 1/2 62181.48 
3d 10(lS)32s 28 1/2 62190.56 
3d1O(lS)33s 28 1/2 62198.73 
Sd1O(IS)S4s 2S 1/2 62206.26 
3d1°(lS)S5s 2S 1/2 62212.87 
3dlO(IS)36s 28 1/2 62219.16 
Sd1O(18)37s 28 1/2 62224.53 
3d 10(18)3& 28 l/z 62229.76 
3d 10(IS)39s 2S 1/2 62234.52 
3d10eS)40s 2S Ih 62238.70 
Sd1O(IS)41s 2S 1/2 62242.81 

..... a ................ ... ........ .......... .............. .. ... ....... .... 
Cu n (ISo) Limit 62317.44 

3d 94seD)5s 4D 7/z 62403.320 1.42 100 
5/2 62948.29 82 12 eD)2D 
3/2 63584.57 73 15 eD)2D 
1/2 64472.300 0.00 100 

3d94s(3D)5s 2J) 5/z 64657.8 87 13 4D 
3/2 65260.1 55 . 26 
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ENERGY LEVELS OF COPPER. CU I THROUGH CU XXIX 533 

eu I - Continued 

Juration ( ~onfig Term J Level (em-I) g Leading percentages 

)58 2D 5/2 67142.7 0.69 95 5 (3D) 4D 

3/2 67971.94 69 30 (3D) 2D 

)5p 4po 3/2 I 70280.5 
1h 71001.5 

)5p 4Fo 7/2 70336.94 
5/2 701,.11,..50 

)5p 4n° 7/2 70441.57 1.43 
5/2 70561.2 
3/2 71029.76 

)4d 2p 3/2 70853.39 
1h 72151.49? 

)4d 28 lIz 70853.9? 

)4d 2G 9/2 70859.53 
7/2 72016.76 

2Fo 5/2 70959.80 

I 
7/2 71613.91 

)4d 48 3/2 70998.12 

)4d 2D 5/2 71098.17 
3/2 72104.8 

)4d 2F 7/2 71127.81 
5/2 72151.18 1.10 

)4d 4G 11/2 71130.69 
9/2 71978.70 
7/2 73102.74 
5/2 73198.71 

)4d 4p 51z 71178.19 
1/2 71882_96 
3/2 71927.22 

)4d 4D 712 71268.21 1.48 
5/2 72000.97 1.48 
3/2 73104.88 

)4d 4F 9/2 71290.54 
7/2 72093.08 
5h 73304.67 
3/2 73316.46 

~o 5/2 7171,.5.56 
3/2 72021,..32 

2p0 3/2 71917 

)5p 4n° 3/2 7191,.8.7 
1/2 72601.6 

)5p 2p0 1/2 72737.8 
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534 J. SUGAR AND A. MUSGROVE 

Cu I - Continued 

Configuration Term J Level (em-I) g Leading percentages 

3d94s(3D)6s 4D 7/2 73995.15 
5/2 74312.91 
3/2 75043.61 
1/2 76064.37 

3d94seD)5p 2p0 3/2 74259.42 
1/2 75091.24 

3d94s(3D)5p 2Fo 7/2 74941.99 
5/2 74924.48 

8d94s5p ~" 14501.11 

3d94s(1D)4d 2p 1/2 75109.46 
3/2 75263.45 

3d94s(3D)6s 2J) 5/2 75170.25 
3/2 76332.3 

-- ~,- 2Q 7/2 75206.4 
9/2 75346.1? 

3d94seD)~ 2g ,- 'Hi 386.7 I 
I 3d94s(lD)4d 2J) 3/2 75440.1 

5/2 75446.5 

3d94seD)4d 2F 5/2 75536.2 
7/2 75572.85 

3d94s(Bn)5d 2Q 9/2 76824.3 
7/2 77898.9 

3d94seD)5d 2p "lIt:! 76831.31 

3d94s(3D)6p 4po 3/2 76911.8 

Hd94s(3D)5d ZD "/2 ~ 949.2 
3/2 "'~t3 

3d94s(3D)5d 48 3/2 76959.\. 

3d94s(3D)5d 2f 7/2 76960.2 
5/2 77959.3 

3d94s(3D)5d 4G 11/2 77014.1 
9/2 77854.0 
7/2 78988.3 
5/2 79053.4 

3d94s(3D)5d 4p 5/2 77030.59 
1/2 77814.5 
3/2 77840.9 

3d94s(BD)5d 7/2 77068.2 
77905.5 

3/2 
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, 'onlign ration 

d 

ill' 1,.;(11):1)4 
id" 1.0.;(:;1):1)4 

:,I"ls.='Da) 

f 
f 

5f 
;:I/"·ls(ID:I)6 
: I, (".1.0.; (:ID3)7 
,I,f',ls(:ID:J)8 
.\,('.IS(:'Du)9 
: t, t'4S(:IDa) 
:tt t'-b (:IDa> 
:ttl''.ls(aDa) 
::.f".1s(:lD3) 

f 
f 
f 
f 

lOr 
llf 
12f 
l3f 

: I. t l.1n(:I])a> 14, 

f :td!'4s(:ID:V4 
:ld!I.1.~(:ID2)5 

;~tI!J4seD2>6 
:~ftI4s(3J>2>7 
:t,r'4se~8 
:lft'4s(3~ 
:i,t'4s(3J>2l1 
aft'4s(3D2l1 
:~(t'4s(an.ll1 
ad!I4s(3D2l 

f 
( 

f 
f 
f 
Of 
If 
2f 

l3f 

:It/!I4s(3D)6p 

;~([!14s(3J»7 s 

:Jd 94s (3D)6p 

~~d94s(3])6p 

Hd94s(3J>)7 s 

(.'>/2 

3d94s(3J>1)5 

3d 94s(3J>1)5/i 

fs!2 

5/2 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 535 

Cu I - Continued 

Term J Level (em-I) g Leading percentages 

"F 9/2 77080.5 
7/2 77919.4 
512 79116.5 
312 79119.3 

1/2,3/2 77286.9? 
1/2,3/2 77297.1? 
1/2,312 79798.6 
112,312 81163.0 
1/2,312 82084.1 
1/2,312 82515.7 
1/2,312 82878.9 
1/2.3/2 
1/2,3/2 83333.3 
1/2,3/2 83478.0 
1/2,3/2 83590.4 
1/2,3/2 89G80.G 

1/2,312 77622.9 
1/2,312 8042.4.6 
1/2,3/2 82124.1 
1/2,3/2 82903.1 
1/2,3/2 83434.8 
1/2,3/2 83817.4 
1/2,3/2 84 054.7 
1/2,3/2 842.49.5 
1/2,3/2 84394.6 
1/2,312 84509.4 

"po 112 77683.2 

"D 7/2 78261.2 
5/2 78486.5 
3/2 79257.8 
1/2 80330.4 

2J) 5/2 78349.6 
3/2 78578.0 

"Do 1/2 78892.3 

2po 1/2 78920.4 

2J) 5/2 79268.0 
3/2 80456.41 

(1,°/2>- 8/2 79357.5 

(1,5/2lO 312 81873.9? 

(1 5/2lo 3/2 81880.61 
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636 J. SUGAR AND A~ MUSGROVE 

Cu I - Continued 

Configuration Term J Level (em-I) g Leading percentages 

3d94s (3Dl)6fs/2 (1,5/~o 3/2 83236.2 
3d94s(3Dl)7 fs/2 (1,5/~o 3/2 84038.5 
3d94s(3Dl)8fs/2 (1,5/~o 3/2 84587.3 
3d 94s(3Dl)9fs/2 (1,5/~o 3/2 84950.2 
3d94s(3Dl)10fs/2 (1,5/~o 3/2 85209.4 
3d94s(BD1)11fs/2 (1,5/~o 3/2 85400.7 
3d94s(3Dl)12fs/2 (1,5/~o 3/2 85546.8 
3d94s(3Dl)13fs/2 (1,5/~o 3/2 85661.2 
3d94s(3Dl)14fs/2 (1,5/~o 3/2 85750.1 

3d94s(3D)6d 48 3/2 79641.4 

3d 94s(Bn)7p 4po 3/2 79647.6 

3d94s(3D)6d 4G 11/2 79667.9 
9/2 80505.5 

8d94s(3D)6d 4p 5/2 79675.1 

8d94s(3D)6d 4D 7/2 79694.5 
5/2 80542.2 

3d94s(3D)6d 4F 9/2 79700.5 
7/2 80560.0 

8d94s(3D)8s 4D 7/2 80318.4 

3d94s(3D)7p 4po 1/2 80478.3 

3d94seD)6d 2Q 7/2 80553.8 

3d 94s(3D)6d 2F s/2 80574 

3d 94s(3D)6d 2J> 3/2 80586.7? 

3d 94s(lD)6p? 2p0 3/2 809411.3 
1/2 81613./1 

8d94s(3D)8p 4po 3/2 8108J,.8 

3d 94s(1D)5d 21) 5/2 81292.5 
3h 81818.7 

8d94s(lD)5d 2J' 5/2 81862.7 
7/2 81876.2 

3d !l4s(iSD)7p 4Do 1/2 81613.3 

3d 94s(3D)7p 2p0 1/2 8164-2.4-

3d 94s(3D)9p 4po 312 81970.6 

3d94s(3D)8 4po 1/2 81986.0 

J. Phys. Cham. Ref. Data, Vol~ 19, No.3, 1990 



" ........... 

(~()n figuration 

;;tjl'4s 
:ld!'4s 
:Jct'4s 
:ltt'4s 
:tctl4s 
ad!}4s 
:td!'4s 
;ttt'4s 
;Jc[l'4s 
acl94s 
i~d94s 
:Jc1 94s 

Hd94s 
~ld948 

3cl94s 
Hd 94s 
Hd94s 
Hd94,s 

Bd94s 
3d94s 
3d94s 
3d94s 
3d94s 
3d94s 

Cull 

3d94s 
3d94s 
3d94s 
3d94s 
3d94s 
3d94s 
3d94s 
Sd94e 
3d94s 
3d94s 
3d94s 
3d94s 

(3Da)10pa/2 
(3D3)11plll2 

(3D3)l2p3/2 
(3D3)l3pa/2 
(3D3) 14p3/2 
(3D3)l5p3/2 

(3D3)l6p3/2 
(3D3)l7 p3/2 
(3D3)l8p3/2 
(3D3)l9p3/2 
(3D3)20p3/2 
(3D3)21p3/2 

(3D)9p 

(3D~10p3/2 
(3D2)l1po/2 
(3D2)l2p3/2 
(3D~13p3/2 
(3D2)l4p3/2 
(11~)15p3/2 

(3D~16p3/2 
(3D~17p3/2 
(3D2)l8p3/2 
(3Dv19p3/2 
(3D2)20pa/2 
(3D2)21p3/2 

ctD)7p? 

eD)9p 

(3D3) 

eD1)lOp 
(3D1)llp 
(3D1)12p 
(3D1)l3p 
(3D1)14p 
(3D1)15p 
(3D1)l6p 
(3D1)17p 
(3D1)18p 

(3D1)l9p 

(3D1)20p 
(
lID1)21p 

3D2) Cu II ( 

eD)8p? 

eD)9p? 

3D1) Cu II ( 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 537 

Cu I - Continued 

Term J Level (cm-I ) g Leading percentages 

(3,3/2t 3/2 82482.4 or (3D) 4po 

(3,3/~o 312 82865.7 or (3D) 4po 

(3,3/~o 3/2 83110.3 or (3D) 4po 

(3,3/2t 3/2 83316.7 or (3D) 4po 

(3,3/2t 3/2 83470.4 or eD) 4po 

(3,3/2t 3/2 83584.8 or eD) 4po 

(3,3/2t 312 83674.3 or (3D) 4po 

(3,3/~o 3/2 83719.8 or (3D) 4po 

(3,3/2t 3/2 83800.5 or (3D) 4po 

(3,3/2t 3/2 83860.9 or (3D) 4po 

(3,3/~o 3/2 83901.8 or (3D) 4po 

(3,3/~o 3/2 83937.7 or caD) 4po 

4po 1/2 82813.7 

(2,3/2t 1/2 83382.0 or (3D) 4po 
(2,3/2)0 1/2 89 '15G.9 or (3D) 4p" 
(2,3/~0 1/2 84025.1 or (3D) 4po 

(2,3/2l 1/2 84228.2 or (3D) 4p" 
(2,3/~0 1/2 84376.8 or (3D) 4p" 
(2,2/2)" 1/2 84495.8 or (3D) 4p. 
(2,3/~0 112 84604.5 or (3D) 4p" 
(2,3/2)0 1/2 84666.8 or (3D) 4po 
(2,3/~0 1/2 84727.8 or caD) 4po 
(2,3/~0 1/2 84774.5 or (3D) 4po 

(2,3/2t 1/2 84817.6 or (3D) 4po 
(2,3/~0 1/2 84854.3 or (3D) 4po 

2po 3/2 83817.4 
1/2 84131.2 

2po 1/2 83975.7 

Limit 84246.19 

1/2 84533.0 or (3D) 2po 
1/2 84911.3 or (3D) 2po 
1/2 85179.6 or (3D) 2po 
1/2 85386.9 or (3D) 2po 
1/2 85535.1 or (3D) 2po 
1/2 85650.9 or (3D) 2po 
1/2 85742.0 or (3D) 2po 
l/z 85819.1) or eD) 2p" 
1/2 85879.7 or (3D) 2po 
1/2 85926.2 or (3D) 2po 

1/2 85971.9 or (3D) 2po 
1/2 86005.9 or (3D) zpo 

Limit 85164.57 

2po 3/2 85319.1 
1/2 85496.4 

2po 3/2 86212.0 
1/2 86317.0 

Limit 86315.82 
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Cu I - Continued 

Configuration Term J Level (cm-I ) g Leading percentages 

3d94s(lD)10p? 2po 3/2 86780.7 
112 86848.5 

3d94s(1D)l1p? 2po ! 3/2 87164.9 
1/2 87213.6 

eu II (lD0 Limit 88582.01 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 539 

Cu II 

I 29 

Nil isoelectronic sequence 

Innil.ation energy 163 669.2±0.5 cm- I (20.29240 ± 0.000 06 eV) 

Shenstone [1936] carried out the major analysis oftbis 
,.p(!ctrum with observations of 1350 lines from 600 to 
Ie) 200 A. A review of the earlier work is given in this 
H~fcrence. Shenstone gave LS-coupling names to almost 
nil the levels. However, many of the 3d9nl contlgura
t inns are clearly in jJ-coupling and we have used that 
notation for 3d9nf and 3d9ng. The 3d9ns levels 
(" = 5 -10) are given jj-coupling designations. 

The odd configurations 3d94p and (3d95p + 3d96p + 
\t/1I4s4p) were calculated by Roth [1969] in LS
"clUpling, the latter with configuration interaction. We 
have given the theoretical designations for these levels 
nnd Roth's j/-coupJing assignments for the configura
(iOllS 3d94f and 5f. 

Reader, Meissner, and Andrew [1960] reported inter
ferometric measurements of 61 Cu II lines in the region 
1979 to 2885 A with an uncertainty of ±O.OOI A. With 
these data, relative level values for 3d94p, 3d94s, and 
.\d9Ss were established. From infrared grating observa
tions by Carter [1948] accurate values were extended to 
levels of 3d95p and 3d96s. With these level values (38 in 
all) 66 wavelengths between 983 and 1663 A were calcu
lated with an accuracy of ±0.0005 A 

Kaufman and Ward [1966] measured three resonance 
transitions (at 1358 A, 1367 A, and 1472 A.) from the 
three J=1 levels of the 3d94p configuration. Using as 
reference standards the calculated Cu II wavelengths of 
Reader et aL in the second order they obtained a level 
uncertainty of ±O.03 cm -1. 

A more extensive set of interferometric and grating 
measurements of Cu II was reported by Ross [1969]. He 
extended the analysis with about 90 new levels and re
solved close levels of the 3d95g configuration. The new 
detccminations foe all the levels have uncertainties of 
±O.03 cm -1. We have rounded his four-place level val
ues to three places. Two levels from Shenstone estab
lished with one line each were not confirmed. They are 
given here to one decimal place. 

The Zeeman effect for Cu II was observed by 
Shenstone [1927] and by Lott, Roos, and Ginter [1966]. 
The g-values from Shenstone's observations were calcu
lated by Moore [1952]. 

The ionization energy was obtained by Ross [1969] 
from the ns, nd, and nfseries. We quote his average for 
12 series. 
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Cun 

Configuration Term J Level (em-I) g Leading percentages 

3d 10 IS 0 0.00 

3d9(2j})4s 3n 3 21928.754 1.32 
2 22847.131 1.16 
1 28998.381 0.48 

3d9(2D)4s In 2 26264.568 1.00 

3d9(2D)4p 3po 2 66418.687 1.49 98 

1 67916.555 1.49 97 
0 68850.260 100 
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540 J. SUGAR AND A. MUSGROVE 

Cu n - Continued 

Configuration Term J Level (em-I) g Leading percentages 

3d9(2D)4p 3Fo 3 68447.7.U 1.06 69 29 IFo 
4 68730.893 1.23 100 

2 69867.983 0.67 94 4 3Do 

3dB4s2 3F 4 69704.699 
3 71531.539 
2 72723.817 

3d9(2J)4p IFo 3 70841.470 62 19 3Do 

3d9(2J)4p IDo 2 71493.853 1.08 61 33 3Do 

3d9(2D)4p aDo 3 71920.102 78 12 Sp0 

1 73102.038 0.47 98 

2 73353.292 0.99 61 37 In° 

3dofD)4p 1p. 1 73595.813 1.04 98 

3dB4s2 In 2 85388.770 

&184s2 3p 2 88361.997 
1 88605.090 
0 88925.995 

3d84s2 IG 4 95565.631 0.98 

3dB(3F>4s4p(3po) 5Do 4 107942.787 94 

3 109276.015 91 

2 110363.719 92 

1 111124.6 93 

3d9(2D)5s (5/2,1/0 3 108014.836 
2 108335.601 

&19(2D)5s (3/2,1/0 1 110084.468 
2 110366.152 

3dB(BF>4s4p(3po) 5Go 5 110631.186 83 13 5Fo 
4 111218.097 84 10 liFO 
3 111876.407 89 7 5Fo 

2 112421,;.077 96 

8d8(3F>4s4p(3PO) lSFo 5 1121,;01.619 86 11 5Go 
4 113302.813 84 9 5Go 

3 111,; 000.1,;39 86 7 5Go 
2 114481.669 92 

1 114755.971 98 

3d9(2J)4d 38 1 114511.228 

3dB(3F)4s4p(3pO) 3Go 4 115359.524 80 20 IGo 
5 115546.096 94 

3 116643.944 74 22 3Do 

3d9(2J)4d 3G 5 115568.985 
4 115662.550 
3 117747.337 
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('Hfafigu ration 

:lct'(2Jl)4d 

at[!'(2Jl)4d 

:lcl!l(lJ>)4d 

3d9(2])5p 

:kl9(2])5p 

p(3po) 

pepO) 

:p(3po) 

p(3po) 

:p(3p0) 

3d9(2])4d 

3d9(2J)5p 

3d9(2J)5p 

3d9(2J)5p 

3cJ8(3p)4s4 !1J(3po) 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 641 

Cu n - Continued 

Term J Level (em-I) g Leading percentages 

3p 2 115638.795 
1 115665.146 
0 116576.567 

3n 3 116080.213 
2 116387.778 
1 117928.209 

3F 3 116325.904 
4 116371.171 
2 118531.895 

3n° 3 118975.J,.02 60 19 (3F)(3po) 3Qo 

2 117180.882 '16 10 (~X3p°) sFo 

1 118071.800 88 6 (IDX3pO) 3Do 

Ip 1 117231.391 

3Fo 4 117666.619 89 

3 118142.946 63 16 (SFXSpO) IFo 
2 119039.630 83 9 (~3p0) 3J}0 

IG 4 117883.089 

In 2 118163.257 

IF 3 118483.804 

5Go 4 118991.825 74 21 sao 

spo 2 120092.874 94 

1 120919.562 66 28 Ipo 

0 122224.011 99 

IFo 3 120684.711 47 39 sr 
sFo 4 120789.807 97 

2 122745.988 69 16 an° 

IDo 2 120876.009 43 33 Sd8(~4p(spO) In° 

IFo S 121079.149 42 35 Sd9(2])5p an° 

3Do 3 121524.856 53 30 Sd8(3F)4s4p(3po) IFo 
1 123304.814 85 12 3d9(2J»5p Ipo. 

In° 2 121981.844 40 28 3d9(2J)5p an° 

IS 0 122415.951 

Ipo 1 122867.782 60 33 spo 

3 123016.816 45 IFo 40 sFo 

2 123556.816 45 In° 36 3n° 

5po 3 125280.092 89 8 ctnxapO) an° 
2 125248.109 89 
1 125569.818 95 
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Cu n - Continued 

Configuration Term J Level (cm-l) g Leading percentages 

3ds(lD)4s4p(3po) 3Fo 2 128365.720 70 14 eD)(3po) 3Do 
3 128559.308 69 12 ep)(3po) sn° 
4 128778.034 63 30 (Sp)(SpO) Sn0 

3d SeD)4s 4p (spO) 3n° 1 128569.138 62 10 spo 

2 128854.034 59 18 sr 
3 129116.934 65 9 3Fo 

3dseD)4s4pepO) Sp0 0 129105.765 63 33 (Sp)(SpO) spo 
1 129759.738 54 21 en)(3po) 3n° 
2 130386.389 73 14 ep)(3po) 3po 

3d S(3p)4s4p(3po) sDo 1 130940.476 91 
2 130943.649 88 

3 1310#.304 80 12 (In)(Spo) 3Fo 
4 131312.416 65 27 en)(3po) sFo 

3d9(2])6s (512,1/2> 3 188594.222 
2 183728.081 

8d ll
(
lIp)484peP") IIp'' 2 133825.916 50 26 (lpx9p") 9n" 

1 135135.157 52 18 (In)(Spo) spo 
0 135484.064 63 33 en)(3po) Spo 

3dS(Sp)4s 4p (3po) 3Do 3 133984.320 56 27 (3F)(lpo) 3n0 

1 134359.840 59 18 (3P)(3po) spo 
2 134675.515 42 28 (3p)(Spo) 3po 

3d8(3F)4s4pctPO) 3Go 5 134110.862 100 

4 135834.661 67 22 CSF)(3po) 3Fo 
3 137078.181 68 16 (IG)(3po) 3Fo 

3d9~D)6p 3Fo 4 134742.853 49 39 3dS(IG)4s4p(3po) 3Fo 
3 138401.946 43 34 3d9(2D)6p IFo 

3d9(2])6s (3/2,1/2> 1 135664.510 
2 135760.151 

3ds(3F)4s4p(lpo) 3Do 3 135733.422 43 36 3dS(Sp)4s4p(3po) 3Do 
2 136800.128 44 21 3dS(3p)4s4p(3po) In° 
1 137913.#1 52 21 8d9(2D)6p 3n° 

3cl9(2DG/z}4f 2[3/z]" 1 11158811.874-
2 135910.713 

8d9(2])5/i>4f 2[l/2Jo 0 135902.127 
1 135958.178 

3d9~S/2>4f 2[11/2]" 6 135931.001 
5 135933.884 

3d8(3p)4s 4p(3po) 5So 2 135952.261 92 

3d9(2Ds/2>4f 2[5/2]" 3 135989.904 
2 136013.956 

3d9~5/i)4f 2[7/2]" 3 136035.321 
4 136269.987 
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eu II - Continued 

Configuration Term J Level (em-I) g Leading percentages 

3d9(2])5/2)4f 2r/2r 4 136132.765 
5 138180.808 

3d9(2])5d 38 1 136336.884 

Hd8(3F)4s4p(lPO) 3 138#1.806 27 ~o 26 eG)(3p°) 3Fo 

3d8(IG)4s4pepO) 3Ho 4 138693.937 99 

5 137082.156 100 

3d9(2D)5d 3G 5 136725.846 
4 136765.350 
3 138819_066 

3d9(2J»5d 3p 2 136754.099 
1 136773.162 
0 137614.143 

3d9(2J»5d 3D 3 136919.342 
2 137073.638 
1 138898.326 

3d9(2])5d ~ 3 137034.770 
4 137044.458 
2 139142.035 

3d8(3p)4s4pepO) Ipo 1 137212.765 86 7 3po 

3d8(IG)4s 4p(3po) 3Fo 2 137848.790 44 34 (3FXlpO) 3Fo 

3d8~)4s4p(lPO) 3Fo 4 137938.898 53 31 sao 
3 139741.095 40 28 

3d9<2Jla,04f 2[3/2]° 2 138002.871 
1 138028.377 

3d9(2J>s/04f 2[9/2r 5 138064.291 
4 138073.577 

3d9<2Jlat:~)4f 2[5/2r 3 138130.522 
2 138178.889 

3d9(2D3/~)4f ~/21o 4 188219.849 
3 138261.570 

3d9(2D)5d lp 1 138593.030 

3d9(2D)6p 3po 2 138745.813 76 19 In° 
1 140981.503 54 44 Ipo 

0 141154.184 97 

3d9(2J»5d IG 4 138882.898 

3d9(2n)5d In 2 138981.229 

3d9(2D)6p 2 139028.898 36 In° 14 3p0 

3d9(2J»5d IF 3 139119.420 

3d9(2J»6 lpo 1 1392. 1.123 47 39 3 ° p 
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Cu IT - Continued 

Configuration Term J Level (cm-I) g Leading percentages 

3d9(2D)6p 3Do 3 139331.14-6 56 24 3dgeD)6p IFo 
1 141244.576 78 14 3dS(3F)4s4pepO) 3Do 
2 14-1 54-1.998 53 23 3dseD)4s4p(lpo) IDo 

3d9(2D)6p 3Fo 4 139395.786 49 30 3dS(lG)4s4p(3po) 3Fo 
3 14-1 202.630 55 23 3d9(~)6p IFo 
2 14-1 734-.167 58 19 3d8(3F)4s4pepO) 3Fo 

3dseF)4s4p(iPO) 2 139710.4-88 31 3Fo 22 3dgeD)6p 3Fo 

3d9(~)5d IS 0 140589.334 

1 14-4- 24-0.6 

3d9(~5/~78 (5/2,1/2) 3 144814.906 
2 144882.979 

3d9(2D5/2)5f 2[1hr 0 14-5 889.324 
1 145900.894 

SdgeD5/2)5f 2[512)" 2 145927.222 
3 14-5978.134-

3d9(~5/~5f 2[1l/2r 5 14-5 94-5.583 
6 14-5951.516 

3d9(~5/~5f 2[3/2r 1 14-5 955.4-37 
2 145985.191 

3dgeD5/2)5f 2[7/2r 3 14-6021.267 
4 14-6029.337 

3d9(~5/~5f 2rhr 4 14-6023.850 
5 14-6032.24-9 

3dgeD5/~5g 2[3/2] 1 146051.110 
2 146051.224 

3d9(~:;/2)5g 2[13/2] 6 146068.840 
7 146068.893 

3d9(2D5/~5g 2[5/~ 3 146072.763 
2 146072.797 

3d9(2D5/~5g 2r/2] 3 146093.918 
4 146093.940 

3d9(~5/~5g 2[11/2] 5 146103.209 
6 146103.243 

3d9(~512)5g 2[912] 4 146107.091 
5 146107.114 

3d9(2D)6d 3S 1 146215.629 

3dgeD)6d 3G 5 146402.708 
4 146423.204 
3 148481.757 
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Configuration 

J!I(2D)6d 

t'(2D)6d 

[f'(2D)6d 

19(2D3n)7s 

:Id 

ad 

Hd 

3d 

3d 

8d 

3d 

8d 

8d 

3d 

3d 

3d 

3d 

3d 

u(20)7p 

9~)7p 

9(2O)7p 

9(20312)5f 

9(2Oa/~5f 

9<2Oa/~5f 

9(2D3/~5f 

9(2Da/~5g 

9(2Oa12)5g 

°(-1)3/2)5g 

9(2])3/~5g 

9(2D)6d 

9~)6d 

9(2D)6d 

9(2D)6d 

9(2])6d 

8(ID)4s4 (lpo) 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 646 

Cu n - Continued 

Term J Level (em-I) g Leading percentages 

3p 2 146415.597 
1 146427.988 
0 147097.880 

3D 8 146496.097 
2 146575.091 
1 148521.562 

3F 8 146556.874 
4 146559.706 
2 148642.477 

(3/z,l/z) 1 146886.154 
2 146986.815 

3po 2 1",7327.6",6 
1 147562.663 

3Fo 8 1-'17 ",91.887 
4 1",7596.6",6 

3Do 2 1",76",7.690 
8 1-'17762.982 

2[3/2r 2 1",7987.3-'13 
1 1-'18016.1",6 

2[9/2r 5 1",8028.722 
4 1-'18033.556 

2[5/2r 8 1-'18061.",56 
2 1"'8065.998 

2[7/210 8 1-'18102.973 
4 1-'18105.3-'17 

2[512] 8 148188.746 
2 148188.818 

2[11/2] 5 148145.779 
6 148145.812 

2(1/21 3 148167.546 
4 148167.575 

2[9/2] 4 148179.188 
5 148179.170 

Ip 1 148861.582 

IG 4 148515.589 

In 2 148559.947 

IF 8 148681.090 

IS 0 149202.599 

IDo 2 1502",9.87-'1 52 43 3p Ipo 3p0 ( )( ) 
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Cu II - Continued 

Configuration Term J Level (em-I) g Leading percentages 

3d9fDs/vSs (5/2,l/v 3 150742.894 
2 150782.450 

3d9fDs/v6f 2[1/2r 0 151327.249 
1 151373.829 

3d9(2J>5/v6f 2[1I/2r 5 151372.322 
6 151377.678 

3d9(2J>5/v6f 2[3/2r 2 151375.305 
1 151424.228 

3d9(2D5/v6f 2[S/2r 3 151402.608 
2 151403.933 

Sd9(2Jl0l2)6f 2[9/2r 4 151 .f19.01!) 
5 151423.044 

3d9(2J>5/~6f 2r/2r 4 151421.781 
3 151441.894 

3d9(2D5/v6g 2[3/2] 1 151440.066 
2 151440.158 

3d9(2J>5/v6g 2[13/2] 6 151450.401 
7 151450.478 

3d9(2J>5/v6g 2[s/2] 3 151452.674 
2 151452.684 

3d9(2Ds/v6g 2(7/2] 3 151464.772 
4 151464.782 

3d9(2D5/v6g 2[11/2] 5 151470.102 
6 151470.118 

3d9(2J>s/v6g 2[9/2] 4 151472.246 
5 151472.264 

3d9(2J»7d 3S 1 151552.186 

3cl9(2Jl)7 cl 30 6 161666.312 
4 151668.824 
3 158730.915 

3d9(zr>)7d 3p 2 151662.972 
1 151671.657 
0 152179.043 

3d9(2D)7d 3D 3 151708.343 
2 151757.594 
1 158753.728 

3d9(2J»7d 3F 3 151743.551 
4 151744.913 
2 158 821.944 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX &47 

Cu n - Continued 

,,' 

( ::Onflguration Term J Level (em-I) g Leading percentages 
--

'(2Da/2lSs (3/2,1/2l 1 152814.022 
2 152840.468 

1(2D3/2}6f 2[5/21° 3 153410.201 
2 153426.611 

'(2Da/2l6f 2[9/210 5 153449.629 
4 153455.175 

(2Ds/2l6f 2[3/2r 1 153457.732 
2 153487.656 

<2Da,z>6f 2(7/2]0 4 159,495.8,49 
3 153498.822 

"(2Ds/v6g 2[5/21 3 153 517.888 
2 153 517.976 

(2Ds/2>6g 2[1112] 5 153 524.907 
6 153524.942 

eDs/2l6g 2[7/2] 3 153537.380 
4 153537.394 

eDs/2l6g 2[9/2] 4 153544.041 
5 153 544.056 

fD)7d Ip 1 153 658.562 

fD)7d 1(; 4 153 750.852 

fD)7d ID 2 153 773.873 

fD)7d IF 3 153815.633 

fD)7d IS 0 153 853.755 

(~5/2l9S (5/2,1/2l 3 154255.811 
2 154281.240 

fD5/2l7f 2[u/2r 5 154641.382 
6 154647.042 

fDs/2l7f 2[5/2r 3 154672.111 

(~5/2l7f 2[9/2r 4 154672.755 
5 154675.237 

fD5/2l7f 2[71210 4 154674.542 
3 154678.865 

fD5/2l7g 2[3/21 1 154688.009 
2 154 688.100 

3d9 fD5/2l7g 2[13/21 6 154694.577 
7 154694.605 

fD5/2l7g 2[5/21 3 154695.989 
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Cu ,n - .Continued 

Configuration Terql J Level (em-I) g Leading percentages 

3d9e,2DS/~7g 2(1/2] 3 154 703.581 
4 154703.611 

3d9e,2Ds/07g 2[11/2] 5 154 706.898 

3d9e,2Ds/~g 2[9/2] 4 154708.229 

3d9e,2D)8d 38 1 154766.024 

3d9(2J)8d 3G 5 154828.717 
4 154836.426 

3d9e,2D)8d 3p 2 154832.650 
1 154838.962 
0 155244.832 

Sd9(2D)8d 3D 9 154860.795 
2 154892.905 

3d9(2J)8d ~ 3 154 883.095 
4 154883.624 
2 156 958.096 

3d9(2]).J/~S (3/2,1/2) 1 156326.908 
2 156341.872 

3d9(2D5/~10s (5/2,1/~ 3 156508.497 
2 156526.430 

3d9<.2JJs/07 f ~hr 5 156711.893 
4 156721.301 

3d9(2JJs/07 f 2[11/2]° 5 156761M3 
6 156767.059 

3d9<.2JJs/07g 2[5/2] 3 156763.027 
2 156763.083 

Sd9(2Jls,:zY1g 2[11/23 5 156767.609 

8d9(lDa,07g 2(1/2] 3 156 775.408 

3d9~/2Y7g ?-[I/2] 4 156779.838 

8d9(2D)8d IG 4 156912.741 
................... .. ....... .... .... ...... .............. ............. 

Cu m (2J)s/~ Limit 163669.2 

J. Phys. Cham. Ref. o.ta, Vol. 19, No.3, 1990 



Z~29 

(i~) Iisoelectronic sequence 

ENERGY LEVELS OF:COPPER; ,CU1'THROUGH CU XXIX 

Cu III 

lunization energy 297 140 ± 100 cm- 1 (36.841 ± O.OI2eY) 

549 

The early work on this spectrum is summarized by 
Shenstone and Wilets [1951] where much of the low 
structure is given~ New observations by Shenstone 
[l97S] with pulsed hollow cathode and sliding-spark 
light sources produced a line list covering the range of 
500-5820 A, measured to three decimal places, and 
5121-6852 A, measured to two decimal places. With 
this improved line list the levels of 3d9

, 3d84s, and 3d84p 
were redetermiried and completed with the addition of 
the levels basedon,the 3d8 IS parent. Following this, all 
but one level' of 3d84d and most levels of, 3d85d were 
found. In addition, levels of 3d84j; 3d74s2, 3d8Ss -7s, 
3d85p, and 3d85g were identified. Six levels identified as 
3d' 4s4p were not' 'assigned term designations, but were 

given numerical names. The percentag~ compositions of 
most of the levels have been calculated by Sugar and 
Martin [1976], and their designations for the levels have 
been adopted. 

., 

Configuration Term. J 

3d9 2J) 5/2, 

f% 

3d8(3F)4s 4F 9/2 
7/2 

5/2 
3/2 

3d8(3F)4s 2F 7/2 

5/2 

3dReD)4s 2D 5/2 
3/2 

3dsep)4s 4p 3/2 
1/2 

5/2 

3d8(8p)4s 2p 3/2 
112 

3d8(1G)4s 2G 9/2 
7/2 

3d8(3F)4p 40° 7/2 

5/2 
3/2 
1/2 

The ionization energy Was derived by Shenstone from 
the ns series. 

References 
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Cum 

Level (cm-I ) Leading percentages 

0.00 
2071.69 

60805.22 100 

62065.09 97 3 (3F) ~ 
63148.77 99 1 (3F)~ 

63886.51 99 1 (10) 20 

67016.71 97 3 eF) 4F 
'68968.78 98 1 eO) 2]) 

77968.25 51 48 eJp) 4p 

78780.00 80 16 

80305.74 84 16 eO) 2]) 
80423.54 100 

80552.14 52 47 eO) 2J) 

.~~447.29 96 3 (10) 20 
86133.66 100 

89018.30 100 

89046.71 100 

118884.85 93 4 (3p) 400 

120577.85 92 4 

121864.48 93 5 

122837.26 94 5 
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S50 J. SUGAR AND A. MUSGROVE 

Cu m - Continued 

ConfIgUration Term J Level (em-l ) Leading percentages 

3d8(3F)4p 4Go 9/2 121337.72 62 24 2(}0 

11/2 121699.08 100 
7/2 122504.09 78 12 4Fo 

°/2 123440.69 92 7 4Fo 

3d8(IS)4s 28 1/2 122860.82 100 

3cl8(3F)4p 4r 9/2 123550.38 80 16 (sF) 2(}0 
7/2 12.4 557.85 70 15 (3F) 2Fo 

°/2 125382.09 82 7 (SF) 4Go 

S/2 125744.81 89 6 (BF) 2Do 

3dB(3F)4p 2(}0 9/2 1~-I-.u.~.77 59 35 (SF) 4(}0 
7/2 126094.14 77 13 (SF) 2Fo 

3clSCSF)4p 2Fo 7/2 126829.76 70 13 (~) 4Fo 
(,/2 128079.85 70 15 (SF) 2J>" 

3dSC3F)4p 2I)0 5/2 126892.1.4 75 16 (SF) 2F'0 
3/2 128435.61 81 8 (ID) 2I)0 

3d¥P)4p 4po 3/2 136483.63 75 11 eD) 2p0 
5/2 136607.85 76 15 (ID) 2I)0 
1/2 137041.60 89 7 eD) 2po 

3d8(lD)4p ~ 5/2 138084.98 80 9 (3p) 4po 

7/2 138982.86 83 10 (Sp) 4Do 

3clSC1D)4p 2I)0 S/2 138989.01 48 20 (sp) 4po 
5/2 139757.46 77 13 

3clSC1D)4p 2p0 1/2 139261.52 61 25 (SP) 2p0 
3/2 140201.72 52 31 en) 2I)0 

3dSC3p)4p 4Do 5/2 142427.10 74 15 (Sp) 2I)0 
S/2 142513.20 87 5 (Sp) 2Do 

1/2 142550.75 93 5 (SF) 4Do 

7/2 142820.01 85 8 (ID) 2Fo 

3dSC3P)4p 2I)0 5/2 144195.35 79 18 (SP) 4Do 
3/2 144 876.29 61 29 (Sp) 2p0 

aa,ap)4p !!p- s/2 145353.84 49 32 (sp) 2J)-

1/2 146675.34 64 23 en) 2p0 

3d8(lG)4p 2J{0 9/2 146534.51 99 1 (lG) 2Go 
11/2 147647.87 100 

3clSCSP)4p 28° 1/2 147653.36 88 7 eD) 2p0 

3d8(lQ)4p 48° 3/2 147806.69 98 1 en) 2p0 

3clSC3p)4p ~ 7/2 147817.32 88 8 (In) 2Fo 
5/2 148663.85 92 5 

3clSC1G)4p 2(}0 7/2 153609.87 99 1 eG)2F-
9/2 153808.22 99 1 (IG) 2JIo 
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eu 1lI - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d74s 2 4F 9/2 166159.36 99 

7/2 167739.09 100 
5/2 168856.96 99 
3/2 169608.26 99 

3dseS)4p 2po 1/2 182900.11 99 1 eD) 2po 
3/2 184 197.12 99 1 

3d74s 2 2G 9/2 188097.72 94 3 2JI 
7/2 189602.62 98 2 3dS(3F)4d 2G 

3dSeF)5s 4F 912 193370.76 100 
7/2 194117.14 64 36 (3F) 2F 
5/2 195555.12 89 11 (3F) 2F 

S/2 196442.14 99 1 eD)~ 

3d8(lF)4d 4D '1/2 193520.75 ~::1 5 eF) 4F 
5/2 193885.30 56 40 (3F) 4p 
3/2 194683.69 51 23 (3F) 2p 

1/2 195722.78 84 9 (3F) 4p 

3dS(3F)4d 2H 11/2 194033.26 51 35 3d74s 22H 
9/2 198687.18 60 26 

3dS(3F)4d 4H 13/2 194331.79 100 

3dSeF)4d 4G 1112 194818.37 68 27 (3F) 4H 
7/2 197593.69 40 35 (3F) 4H 
5/2 197900.51 49 45 (3F) 2F 

3dS(3F)4d 9/2 195061.88 39 4G 36 4F 

3dS(3F)4d 4p 5/2 195340.40 51 28 (3F) 4D 
3/2 196806.22 69 16 eF) 2p 
1/2 197199.63 77 12 (SF) 4D 

3ds(sF)4d 2F 7/2 195343.79 53 24 (SF) 4F 

3dS(3F)4d 9/2 195518.43 33 4F 21 2H 

3dS(SF)4d 4H 11/2 195757.94 41 31 3d74s22G 
9/2 196795.53 65 18 (SF) 2G 

3d8(sF)5s 2F 7/2 195788.65 64 36 eF) 4F 
5/2 197400.19 88 11 

3d74s 2 9/2 196028.66 30 2H 23 3dS(SF)4d 4G 

3dseF)4d 2p 3/2 196100.20 50 39 (SF) 4D 
112 198033.60 81 13 (SF) 4p 

3dS(3F)4d 5/2 196730.75 34 4F 30 (3F) 2F 

3dS(3F)4d 7/2 196742.34 36 4G 34 (SF) 4H 

3dseF)4d 11/2 197038.62 47 2JI 31 3d74s22H 

3dS(3F)4d 4F 7/2 197055.18 47 28 (SF) 4H 
3/2 197985.57 93 4 (3F) 4D 
5/2 198061.23 56 24 (3F) 4G 
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Cu m - Continued 

Configuration Term J Level (em-I) Leading percentages 

3ds(3F)4d 2G 9/2 197375.85 49 26 (3F) 4G 
7/2 198930.42 81 8 (3F) 4G 

3dS(3F)4d 21) 5/2 201215.00 79 6 (3F) 2F 
3/2 201732.15 74 10 3d74s 2 21)2 

3dseD)5s 21) 5/2 209875.15 77 22 (3p) 4p 
3/2 210033.19 86 10 (3p) 2p 

3dS(ID)4d 2F 5/2 210159.14 63 13 (3p) 4D 
7/2 210239.88 69 24 (3p) 4D 

3dS(ID)4d 2D 3/2 211123.91 48 Z1 (3p) 2D 

3dS(ID)4d 2G 712 211271.82 83 10 (3p) 2F 
9/2 211313.62 82 16 (3p) 4F 

3dseD)4d 2p 1/2 211286.05 62 29 (ap) 4D 
3/2 211652.05 62 26 (3p) 4D 

3dR{lD)4d "/2 211679.61 34 2J> 30 Cap) AD 

3dS(3F)5p 4Do 7/2 211821.00 91 7 (3F) 4Fo 
5/2 213025.70 73 17 (3F) 2Do 
3/2 214357.95 88 7 (3F) 4Fo 
112 215160.74 99 1 eD) 2p0 

3ds(ID)4d 28 1/2 212208.68 85 10 (3p) 4p 

3dS(~)5p 9/2 212415.20 41 4Go 33 (3F) 2Go 

3dS(3F)5p 4Go ll1z 212525.35 100 
7/2 214328.03 59 23 CSF) 2Fo 
9/2 214588.27 56 37 (3F) 2Go 
5/2 215417.25 60 28 (3F) 4Fo 

3dS(3p)4d 4D 7/2 212752.39 72 19 eD) 2F 
51z 218133.65 51 30 eD)2D 
1/2 213141.65 70 Z1 (ID) 2p 
3/2 218812.19 57 26 eD)2p 

8d8(3p)5s 4p 5/2 212951.03 78 22 eD)2D 
3/z 213127.07 94 I) (ID) 2D 
1/2 213418.17 98 1 (3p) 2p 

3d8(3F)5p 4Fo 9/2 212995.16 67 30 2Go 
7/2 215000.50 46 36 2F-
3/2 215782.96 90 5 4Do 

3dS(3F)5p 7/2 213311.78 36 4Fo 35 2Fo 

8d74s2 2F 5/2 213514.78 73 20 3d8(3P>4d 2F 
7/2 213815.69 56 23 

3d8(3p)5s 2p 3/2 214264.50 90 8 (ID) 2D 
1/2 214730.18 98 1 (3p) 4p 

3dS(~5p 2Do 5/2 214702.78 39 36 (3F) 4Fo 
3/2 2161,48.63 90 7 eF) 4Do 
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Cu 1lI - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d8(3p)4d 4F 9h 214747.99 83 16 (ID) 2G 
7/2 214844.87 90 3 (ID) 2G 
5/2 215100.44 83 4 (lD)~ 
3/2 215197.18 97 1 (3p) 2D 

3d8(3F)5p 5/2 21J,. 766.3J,. 38 2Do 23 4Do 

3d8(3p)4d 2D 5/2 214989.62 45 16 (IG) 2D 
3/2 216235.32 35 23 (lG)2D 

3d8(3p)4d 4p 1/2 215761.54 86 11 (lD)2S 
5/2 216145.05 77 10 (3p) 2F 

3d8(3p)4d 2p 3/2 215807.35 92 4 (ID) 2D 
1/2 216833.51 89 7 (ID) 2p 

3d8(3p)4d 2F 7/2 215976.94 65 29 3d74s22F 
5/2 216376.27 68 14 

3dl'!(3F)5p ZUo 7/2 216017.68 65 22 (i'F) 4(10 

3d8(3F)5p ~o 5/2 216565.7J,. 76 16 (3F) 4Fo 

3d8(IG)4d 2J 11/2 220311.20 100 
13/2 220413.54 100 

3d8(1G)5s 2Q 9/2 220563.89 100 
7/2 220569.48 100 

3dS(1G)4d 2F 7/2 221861.15 98 2 3d74s2 ~ 
5/2 221878.97 98 1 

3dS(IG)4d 2JI 9/2 223089.88 91 9 (IG) 2Q 
11/2 223175.15 100 

3d7(4F)4s4p(3po) 4Fo 9/2 22313J,..65 
7/2 223570.61 
5/2 2~-l5o.-l5 
3/2 225235.39 

3d8(IG)4d 2Q 7/2 223174.34 99 1 (ID) 2Q 
9/2 223 200.87 90 9 eG) 2JI 

3d 7(4F)4s4p(3po) 4Go 11/2 2211229.90 
9/2 22.4 0.48.02 

3d8(IGJ4d 2D 5/2 223787.07 73 19 (3p) 2D 
3h 224 503.61 68 20 

3d7(4F)4s4p(3po) 4Do 7/2 225923.90 
5/2 226857.5J,. 
3/2 227 J,.9J,.. 85 
1/2 227964.02? 

3dS(lD)5p 2Do 5/2 228J,.23.50 52 23 2Fo 
3/2 228J,.68.86 57 18 2p0 

3d8(1D)5p 2Fo 5/2 228960.05 62 20 (ID) 2Do 
7/2 229098.J,.7 81 18 3p) 4Do 
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Cu III - Continued 

Configuration Term J Level (em-I) Leadingpereenta.ges 

3dS(ln)5p 2p0 112 229054.02 75 12 (3p) 2po 
3/2 229505.30 55 28 en) 2J)0 

3dS(3P)5p 4po 1/2 231298.41? 91 6 en) 2po 
5/2 231333.00 72 25 (In) 2J)0 
3/2 231 457.50 73 21 en) 2p0 

3dS(3P)5p 4n° 7/2 232435.96 82 18 en)2r 
5/2 232458.10 71 15 (3p) 2po 
3/2 232478.23? 87 6 (3p) 2po 

3dS(3p)5p 2p0 3/2 232814.29 85 9 (In) 2n° 

3d7(4F)4s4p(3po) 2J)0 512 232989.62? 
3/2 234650.41? 

3d8(3p)5p 2J)0 5/2 233285.96 75 20 (3p) 4n0 
3/2 233653.51 87 7 (3p) 4n0 

3dl!(9p)t;p 4S" 9/2 234036.16 90 4 eD) 2p. 

3dS(3F4)4f 2[lr 3/2 234427.01 84 16 2[2r 
1/2 234530.60 100 

3d8(3F4)4f 2[2r 5/2 234490.73 88 12 2[3r 
3/2 234660.53 84 16 2[lr 

3ds(3F4}4f 2[7]0 13/2 234532.91 99 1 2[6r 
15/2 234537.43 100 

3d8(~4}4f 2[3r 7/2 234562.13 94 6 2[4r 
5/2 234775.00 88 12 2[2r 

3dS(3F4}4f 2[4r 9/2 234654.68 99 1 2[5]0 
7/2 234812.88 94 6 2[3r 

3d8(3F4}4f 2[6r 13/2 234670.98 99 1 2[7r 
11/2 29.4 881.95 93 7 2[5]° 

3d8(3F4}4f 2[5r 11/2 234716.80 93 7 2[6r 
9/2 234774.74 99 1 2[4r 

3d8(3Fa}4f 2[lr 1/2 236323.71 75 25 ~or 
3/2 236395.02 71 28 2[2r 

3d8(3F3}4f Z[or 112 236370.88 74 25 Z[lr 

3dseF3}4f 2[6r 13/2 236417.68 100 
11/2 236418.68 100 

3d8(3Fa>4f 2[2r 5/2 236471.28 99 
3/2 236484.91 71 28 2[lr 

3ds(3Fa}4f 2[3r 7/2 236511.51 93 7 eF3) 2[4r 
5/2 236590.41 99 1 (3F0 2[2r 

3d8(3F3}4f 2[5r 11/2 236531.91 100 
9/2 236537.18 88 12 2[3r 
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Cu m - Continued 

Co nfiguration Term J Level (em-I) Leading percentages 

(IFs)4f ~4r 9/2 236550.J,,0 88 12 2[5r 
7/2 236611.J,,8 93 7 2[3r 

(lF2)4f 2[lr 3/2 237538.57 74 25 (3F~ 2[2r 
1/2 237591.35 99 1 (ID2) 2[lr 

(SF2)4f ~5r 11/2 2376J,,1.05 99 1 (iD~ 2[5r 
9/2 23761"J".52 99 1 

eF2)4f 2[2r 5/2 23767J".38 72 26 2[3r 
3/2 23773J".00 74 24 ~lr 

(3F~4f 2[4r 7/2 237751.21 79 20 (SF~ ~3r 
9/2 237778.99 99 1 (iD~ 2[4r 

(3F2)4f 2[3r 7/2 237814.57 79 20 '4r 
5/2 237830.63 72 26 2[2r 

(SF)6s 4F 9/2 238280.09 100 
7/2 240303.20 63 37 (3F) ~ 
5/2 240325.65 73 27 (SF) 2F 
3/2 241391.60 99 1 (iD) 2D 

(3F)6s 2F 7/2 238638.49 63 37 4F 
5/2 241693.54 72 27 4F 

(3F)5d 4D 7/2 238730.93 86 11 4F 
1/2 240764.06 56 22 2p 
sh 240794.56 45 40 2p 

(iG)5p 2Jio 9/2 238788.16 99 1 (iG) 2Qo 
11/2 2391J,,2.J,,2 100 

(3F)5d 4p 5/2 238818.98 65 32 4D 
3/2 241328.02 65 16 4D 
1/2 241899.60 60 36 4D 

(IG)5p 2Fo 7/2 Da8 8aa. '18 98 1 2Qo 
5/2 2391J,,8.82 99 

(3F)5d 4H 13/2 238994.08 100 
11/2 240960.52 55 34 2H 
9/2 240972.55 60 22 2M 
7/2 242088.67 71 22 4G 

(3F)5d 4G 11/2 239112.04 51 36 4H 
7/2 241074.10 44 32 2F 
5/2 242290.02 56 38 4F 

(3F)5d 2H 11/2 239240.10 53 38 4G 
9/2 242297.51 62 20 4H 

(3F)5d 4F 9/2 239290.03 58 35 4G 
712 241249.83 46 23 2G 
3/2 242219.08 80 16 4D 

(SF)5d 2p 3/2 239326.97 53 23 4p 
1/2 242247.32 74 17 
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Cu III - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d8(3F)5d 2F 7/2 239440.71 59 21 4F 

3d8(3F)5d 2G 9/2 239568.88 51 24 4F 
7/2 242610.05 69 14 4G 

3d7 (2G>4s 4p(3po) 4Fo 9/2 239606.85 

3d8(3F)5d 5/2 240062.88 34 4D 27 4p 

3d8(lO)5p 2Go 7/2 240786.48 99 1 2Fo 
9/2 240852.75 99 1 2Ho 

3d8(3F)5d 5/2 240994.59 39 ~ 23 4n 

3d8(3F)5d 9/2 241215.61 36 40 31 2G 

3d8(3F)5d 5/2 242006.56 38 ~ 25 4F 

3d7 (2p>4s 4p(3po) 4n° 7/2 243234.10 
'/2 2# 602.61 

3d8(3F)5d 2n 5/2 243780.33 77 15 eF)~ 
3/2 244618.53 89 3 en) 20 

3d7~)4s4pepO) 40° 11/2 245139.94 
9/2 246439.20 

3d7(20)4s4p(3po) 4n° 7/2 245671.35 

3d74s4p r 9/2 246202.65 

3d7~)4s4p(3po) 4Fo 9/2 246510.54 
7h 247475.26 
5/2 248281.96 
3/2 248896.92 

3d7(4F>4s4p(Ipo) 40° 11/2 247578.66 
9/2 ~.l9077.07 
7h 250168.06 
5h 251052.76? 

3d'7(AF)4:i4pepO) 4Fo 9/2 2,47902.05 
7/2 250636.95 
5/2 252437.63 
3/2 2541,47.19? 

3d74s4p 2° 9/2 24792,4.26 

3d74s4p 3° 7/2 2,48013.8,4 

3d74s4p 4° 9/2 248360.45 

3d74s4p 5° 5/2 249353.93 

3d74s4 6° 5/ 2 2. 9 21.55 
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Cu m - Continued 

ConflgUration Term J Level (em-I) Leading percentages 

Sd7(4F>4s4p(Ipo) 4DO 7/2 250419.48 
5/2 251932.36 
3/2 253102.60 
1/2 253713.29 

SdS(lD04f 2[Sf 5/2 250731.98 81 18 (3P2l2[3f 
7/2 250817.68 69 14 

SdB(lD04f 2[4]0 7/2 250733.55 69 14 (3p2l 2[4r 
9/2 250734.45 81 17 

3dS(1Dz)4f 2[2]0 5/z !}SO 9SS.!)!}? 82 16 (:ips> 2[2r 

SdS(lD04f 2[5r 9h 250999.71 88 16 (3p2l2[5]0 
11/2 251010.62 88 16 

SdB(3p2l4f 2[4f 9/2 254030.84 80 16 (lD2l2[4f 

Sd8~2l4f 2[3f 5/2 254125.74 45 32 2[2r 
1/2 254 132.14 65 16 2[4]0 

SdB(3p2l4f 2[5r 9/2 254448.81 83 16 (11)2l2[5]0 
11/2 254467.96 84 16 

3dB(ID)6s 2J> 5/2 254620.28 78 21 (3p) 4p 
3/2 254694.27 82 14 (ap) 2p 

3ds(3p2l4f 2[1]0 3/2 254 673.801 81 16 (11)2l2[lf 

SdB(SPl>4f 2[4f 7h 254772.26 97 1 eD2l2[4f 
9/2 254784.41 94 3 (Sp~ 2[4]0 

Sd8(Spl>4f 2[2f 5/2 254794.45 89 5 (ap~ 2[2]· 

3dB(3pl>4f 2[3]0 7/2 254 926. 68 98 1 (3po) 2[3f 

3dS(ID)5d 2F 7/2 255173.30 77 17 (3p) 4D 

SdB(lD)5d 2Q 9/2 255458.911 81 18 (Sp) 4F 
7/2 255486.661 83 11 (ap) 2p' 

3dS(ID)5d 2p 3/2 255750.15 71 11 (Sp) 4p 

3dseD)5d 2J> 5/2 256093.091 61 20 (ID) 2p' 

3d8(~4l5g 2[2] 5/2 257488.98 74 25 ,3] 
3/2 257602.70 69 30 ,1] 

3dsCSF4)5g 2[1] 1/2 257495.26 63 37 2[0] 

SdB(3F4l5g 2[8] 15/2 257504.55 100 
17/2 257504.70 100 

SdS(3F4)5g 2[3] 7/2 257514.75 80 20 2[4] 
5/2 257671.85 74 25 2[2] 

Sd8(BF4)5g 2[5] 11/2 257530.89 100 
9/ 2 257625.54 87 12 4 , ] 
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Cu ill - Continued 

Configuration Term J Level (cm-1) Leading percentages 

3ds(3F4)5g 2[7] 13/2 257540.31 99 
15/2 257540.49 99 

3dS(3F4)5g 2[6] 13/2 257565.23 100 
11/2 257566.45 100 

3dS(3F4)5g 2[4] 9/2 257574.15? 87 12 2[5] 
7h 257668.09? 80 19 2[3] 

3ds(3p)6s 4p 5/2 257885.87 79 21 (1D) 20 

3d8(3p)5d 4D 7/2 258199.34? 80 19 (1D) 2F 

3d8(3p)5d 4F 9/2 258855.31? 82 18 (1D) 2Q 
7/2 259018.09? 90 9 

3dS(3F)7s 4F 9/2 259147.46? 

3d8(3Fa)5g 2[7] 13/2 259371.79 100 
u'/2 259372.09 100 

3dS(3F3)5g ~4] 9/2 259402.75? 92 7 2[5] 

3ds(3F3)5g 2[6] 11/2 259404.25 100 
13/2 259404.43 99 1 (3F2l ~6] 

3ds(3Fa)5g 2[5] 11/2 259417.64 100 

3d8(3FS)5g ~1] 3/2 259432.58 90 10 ~2] 

3dSC3F3)5g ~3] 5/2 259470.16 88 11 2[2] 

3ds(3F2l5g 2[6] 11/2 260590.96 98 1 (1D2l ~6] 
13/2 260591.04 98 1 

3d8(3F2l5g 2[3] 7/2 260632.621 57 41 2[5] 

3ds(3Fa)5g 2[5] l1/a 260646.031 99 1 (1])0 2[5] 

3ds(3F2l5g ~4] 9/2 260 676.45? 74 25 2[5] 

3d8eG4)4f ~7]" 15/2 261 16i.9i 100 
13/2 261169.55 100 

3dS(1G4)4f 2[3r 7/2 261563.41 100 

3dS(lG4l4f 2[4r 9/2 261757.14 100 
7/2 261762.79 100 

3dS(1G4}4f 2[6r 13/2 261812.11 100 
11/2 261820.32 100 

3dS(lG4}4f Z[5r 9/2 261995.84 100 
11/2 261998.41 100 

3dS(lG)6s 2G 9/2 265292.86? 100 
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Cu 1lI - Continued 

Configuration Term J Level (cm-1) Leading percentages 

3d8(IG)5d 21 11/2 265544.10 100 
13/2 265589.57 100 

3dseG)5d ~ 7/2 266079.82 100 
5/2 266091.84 99 

3dS(IG)5d 2H 9/2 266597.63 99 1 2G 
11/2 266637.30 100 

3d8(IG)5d 2G 7/2 266643.08 100 
9/2 266653.32 99 1 ~ 

3dS(1G)5d 2]) 5/2 267031.05 91 6 (3p) 2]) 
3/2 267310.38 89 7 

3d8eD~5g 2[5] 11/2 273732.911 82 14 (op~ ~5] 
9/2 273738.68? 70 12 

3ds(ID05g 2[6] llh 273799.53? 82 17 (3p02[6] 
13h 273802.30? 82 17 

3dseD2)5g 2[3] 7/2 273800.58 82 14 (3p0 ~3] 

3d8(ID05g ~4] 9/2 273807.19 70 13 2[5] 

3dS(lG4)5g 2[8] 17/2 284095.50 100 
15h 284098.12 100 

...................... ......... ..... ....... . ..................... 
Cu IV (3FJ Limit 297140 
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CUIV 

Z=29 

Fe I isoelectronic sequence 

Ionization energy 462 800±400 cm- I (57.38±0.05 eV) 

The earlier analysis of eu IV by Schroder and 
van Kleef [1970] has been superseded by the analyses by 
Meinders [1976] and Meinders and Uijlings [1980]. Mein
ders [1976] reobserved the spectrum using a sliding spark 
light source. She carefully separated lines of various ion
ization stages by comparing spectra taken at various 
peak currents. The analysis led Meinders to find all nine 
levels of 3d8

, 37 of the 38 levels of 3d'4s, and 109 of the 
110 levels of 3d'4p. The level uncertainty is ±1 cm- I . 

els of 3d' 5s and 113 levels of (3d' 4d + 3d64s2
) were 

found. 
Percentage compositions were given by Meinders 

[1976] for the 3d8
, 3d'4s, and 3d'4p configurations. 

Meinders and Uijlings [1980] gave percentages for 
3d7(4d +5s) + 3d64s2

• 

An experimental value for the ionization energy was 
derived from 3d'ns series. It agrees within 0.5% with the 
extrapolated value given by Lotz [1967]. 

New spectrograms were made by Meinders and 
Uijlings [1980] to obtain better exposures of the transi
tion arrays 3d' 4p - 3d' 4d and 3d' 4p - 3d'5s. Additional 
measurements in the known arrays permitted a correc
tion to the positions of the known levels. Downward 
shift..c; of 0.3 cm-1 for the 3d'4p levels and 1.7 cm- 1 for 
the 3d' 4s levels were recommended with respect to 
those published by Meinders [1976]. In addition, 27 lev-
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CuIV 

Configuration Term J Level (em-I) Leading percentages 

3d8 ~ 4 0.0 100 

3 1861.4 100 
2 3077.6 99 1 In 

3dS In 2 16248.0 84 15 3p 

3dS 3p 2 19696.6 85 15 In 
1 20096.6 100 

0 20422.6 100 

3d8 IG 4 26913.0 100 

3dS IS 0 61456.4 100 

3d7(4F)4s 5F 5 119632.4 100 

4 120918.7 99 1 (4F) 3F 
9 121929.8 00 

2 122663.8 100 

1 123139.8 100 

3d7(4F)4s 3F 4 128343.3 99 1 (4F) SF 

3 130060.3 99 
2 131218.6 99 

\ 

3d7(4P>4s sp 3 139695.3 100 

2 140065.7 95 5 ~)3P 
1 140715.0 97 3 (2P) 3p 
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Cu IV - Continued 

Configuration Term J Level (cm-l ) Leading percentages 

3d7(2G)4s 3G 5 144065.9 97 2 (2Ji) 3H 
4 144749.0 94 3 (2G) IG 
3 145579.9 100 

3d7(2p)4s 3p 2 147736.6 47 45 (4p) 3p 
0 148233.8 55 45 

1 149667.2 55 38 

3d7(4p)4s 3p 1 147929.8 49 32 ~p) 3p 
2 148903.6 54 39 

3d7~G)4s IG 4 148860.7 89 6 (2Ji) 3H 

3d7(2H)4s 3H 6 151622.7 100 

5 152301.7 96 3 (2Ji) IH 
4 153198.2 92 7 (2G) IG 

3d7(2])2)4s 3n 3 152231.7 77 23 (2nl) 3n 
2 153375.7 68 18 (2])1) 3n 
1 155476.7 44 40 (2P) Ip 

3d7(2p)4s Ip 1 152400.2 46 30 (2n2) 3n 

3d7(2H)4s IH 5 156458.7 97 2 (2H) 3H 

3d7(2n2)4s In 2 157536.1 71 19 (2n1) In 

3d7(2p)4s 3F 2 170066.5 100 

3 170277.7 99 1 (~) IF 
4 170619.0 100 

3d7(2F)4s IF 3 174831.3 99 1 (2F) 3F 

3d7(4F)4p 5Fo 5 190527.7 91 7 (4F) 5Go 
4 190553.6 54 38 (4F) 5n° 
3 191761.8 71 22 (4F) 5n° 
2 192741.0 83 12 (4F) 5n° 
1 193434.4 94 5 (4F) 5n° 

3d7(4F)4p 5n° 4 192752.8 52 34 (4F) 5Fo 
3 194132.4 64 18 (4F) 5Fo 
2 195085.9 72 10 (4F) 5Go 
1 195684.3 85 10 (4p) 5n0 
0 195932.0 89 11 (4p) 5n0 

3d7(4F)4p 50° 6 193947.8 99 1 (20) 3Ho 
5 194339.1 76 16 (4F) 3Go 
4 195054.9 79 10 (4F) 5Fo 
3 195544.1 81 9 (4F) 5Fo 
2 195827.0 85 6 (4F) 5Fo 

3d7(2])1)4s 3n 1 196853.5 81 19 (2])2) 3n 
2 197138.5 79 20 
3 197659.5 77 23 

3d7(4F)4p 3GD 5 197325.0 82 18 (4F) 5GD 
4 199202.3 87 10 

3 200 82.6 93 4 
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Cu IV - Continued 

Configuration Term J Level (cm-I) Leading percentages 

3d7(4F)4p 3Fo 4 198179.2 89 4 (4F) 3Go 

3 199598.8 84 5 (4F) 3n° 
2 200720.0 89 5 (2G) 3Fo 

3d7(4F)4p 3n° 3 201210.9 87 6 (4F) 3Fo 

2 202360.6 89 3 (4F) 3Fo 

1 203139.5 91 3 (4p) 3n0 

3d7(2D1)4s In 2 201771.0 78 21 (2D2) In 

3d7(4P)4p 58° 2 203868.9 98 1 (2p) 3po 

3d7(4p)4p 5n° 1 213360."- 44 18 (2p) 3po 

2 213534.5 74 9 (4F) 5n° 

3 213664.9 78 8 (4F) 5n° 

0 213932.1 78 11 (2p) Spo 

4 214- /118.7 88 G (4F) 5n° 

3d7(4P)4p 1 214413.4 37 (4p) 5n0 32 (4p) 380 

3d7(2G)4p oR" 5 214 83b~3 67 17 (~) Inv 

4 215733.9 83 6 (20) 3Fo 

6 216071.3 95 3 (2JI) 3r 

3d7(2O)4p 3Fo 4 215132.8 53 12 (20) 3Go 

3 217079.2 73 16 (2Q) 3Go 

2 218726.2 93 5 (4F) 3Fo 

3d7(2p)4p 3po 0 216428.9 67 13 ~2) 3po 

2 216702.9 54 14 (4p) 5po 

1 217109.3 49 17 (4p) 3so 

3d7(2G)4p IGo 4 217 #4.6 46 27 (2Q) 3Fo 

3d7(4p)4p 5po 3 217621.1 62 22 (4p) sn0 

2 218027.5 54 23 (4p) 3n0 

1 218170.7 66 19 (4p) 3so 

3d7(4P)4p 2 217G#9.G 18 5po 18 (2p) 3n° 

3d7~)4p 3Go 5 217999.5 80 14 (2Q) IHo 

3 218628.0 45 29 (2Q) IFo 

4 218944.8 '/4 9 eG) lGA 

3d7(4p)4p 3n° 3 218137.6 52 23 (4P) 5po 

1 218631.1 53 24 (2P) 3n° 
2 221738.5 25 24 (4P) an° 

3d7(2Q)4p IHo 5 218814.5 64 27 (2Q) 3Ho 

3d7eG)4p 3 219402.7 35 IFo 34 (20) 3Go 

3d7(2p)4p 18° 0 219867.4 53 37 (4p) 3po 

3d7(4P)4p 3po 2 220315.6 59 11 (4p) 3n0 

1 221271.6 49 25 (2p) 3n0 

0 223847.4 56 43 (2p) 18° 

3d7(2JI)4p 30° 5 220917.0 92 5 (2F) 30° 

4 222397.7 87 6 

3 223623.0 80 6 
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Cu IV - Continued 

ConfIgUration Term J Level (cm-I) Leading percentages 

3d7(2H)4p 3r 6 221601.6 69 29 (2H) lr 
5 222527.4 93 4 (20) IHo 
7 222665.8 100 

3d7~)4p 3Do 3 221650.0 72 8 en2) 3Fo 

3d7(4p)4p 1 222335.9 38 3po 22 (2p) 3Do 

3d7(2p)4p 2 222602.5 34 3Do 25 (2p) IDo 

3d7(202)4p 3Do 3 223000.0 58 17 (201) 3Do 
2 224 070.& 40 16 (2p) 3Do 

3d7<2D2)4p 1 223764.1 32 3Do 28 (2p) Ip. 

3d7(2JI)4p lr 6 224 969.1 69 ~IS (2Ji) ar 

3d7<2D2)4p 3Fo 4 225/J86.9 77 20 (2n1) 3Fo 
3 225858.9 53 12 
2 226271.3 57 12 

3d7(2p)4p 3So 1 226558.0 60 10 (2p) Ipo 

3d7(2p)4p lpo 1 227159.6 42 17 (2p) 3so 

3d7<2D2)4p 2 227959.5 34 In° 23 (2n2) 3po 

3d7(~p 3Ho 6 227993.2 97 1 (2H) IHo 
5 228479.7 94 3 (2H) IHo 
4 229064.0 95 2 eH) IGo 

3d7en2)4p 2 229694.2 36 3po 20 (202) In° 

3d7(2H)4p IGo 4 230235.9 67 31 (2Q) 10° 

3d7(202)4p IFo 3 230331.1 57 17 (2Q) IFo 

Sd7(2D2)4p 3po 1 !J91 !J1B.9 53 12 (2Dl) 3p0 

0 231825.2 67 15 (2p) 3po 

3d7<2D2)4p Ipo 1 232441.8 75 12 (201) Ipo 

3d7(2H)4p lHo 5 233298.6 95 2 (2H) 3Ho 

3d7eF)4p IDo 2 21,;1854.9 59 31 eF) 3Fo 

3d7(2F)4p 30° 3 242529.8 73 16 eF) 3Fo 
4 243028.9 59 23 eF) 3Fo 
5 21,;4 671.1,; 93 6 eH) 3Go 

3d7(~)4p ~o 3 243725.3 40 42 (~) 3Do 
2 21,;4 071.6 63 29 (2F) In° 
4 21,;4 753.1 44 33 (2F) 3Go 

3d7(2F')4p 3n° 3 21,;4 417.1 47 38 (2F) 3Fo 
2 2.U 812.8 83 8 eF) In° 
1 2.U 943.0 91 5 (201) 3Do 

3d7eF)4 IGo 4 52Q .3 68 29 (2F) 3Fo 
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Cu IV - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d7(2F)4p IFo 3 250622.8 96 2 eF) 3Do 

3d7(201)4p 3po 2 266196.5 77 21 (202) 3po 
1 266460.9 78 18 

0 266775.0 81 18 

3d7(201)4p 3Fo 2 268006.0 76 18 (202) 3Fo 
3 268958.3 75 20 

4 270239.5 75 22 

3d7~Dl)4p Ipo 1 272352.4 80 12 (202) Ipo 

3d7(201)4p IFo 3 272943.7 75 20 (202) IFo 

3d7~Dl)4p 3Do 1 275672.9 71 22 (202) 3Do 
2 275970.// 60 18 

3 277108.7 70 24 

3d7(201)4p In° 2 276545.9 56 20 ~D2) In° 

3d7(4F)4d 5F 5 287319.5 90 

4 287589.3 75 13 (4F) 5D 
3 288566.4 63 17 

2 289370.2 80 
1 289974.0 93 

3d7(4F)4d 5G 6 288697.8 94 

5 289572.9 69 16 (4F) 3G 
4 290552.8 67 12 (4F) 5F 
3 291298.7 61 14 (4F) 5F 
2 291730.0 87 

3d7(4F)4d 5p 3 289529.7 70 18 (4F) 5F 
2 290773.5 55 26 (4F) 5n 
1 292639.1 71 17 (4F) 5n 

3d7(4F)4d 5n 4 289641.5 54 25 3d64s25n 
1 291570.8 51 'Z1 (4F) 5F 

3d7(4F)4d 5H 7 289688.2 99 
6 290445.4 65 30 (4F) 3H 
5 291561.6 81 

4 292296.7 46 29 (4F) 3G 
3 292913.3 93 

3d74d 3 290885.1 34 (4F) aD 25 (4F) lIG 

3d7(4F>4d 3G 5 291147.3 72 17 (4F) 5G 

4 292440.0 54 43 (4F) 5H 
3 293513.5 92 

3d7(4F)4d 3H 6 291865.0 69 29 (4F) 5H 

5 293399.2 82 12 

4 294464.4 91 

3d7(4F)4d 3n 3 291953.9 81 

2 293021.7 87 

1 294015.3 96 
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Cu IV - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d74d 2 291997.1 SG (4F) 5p 32 (4F) fin 

3d 64s 2 5n 4 294152.0 69 28 3d7(4F>4d 5n 
3 295307.8 69 27 
2 296040.3 69 26 

1 296494.2 71 25 

3d7(4F)4d 3F 4 295910.4 82 

3 296912.8 80 

2 297554.4 80 

3d7(4F)4d 3p 2 296673.4 88 

1 297931.0 89 

3d7(4F)5s 5F 5 801632.0 99 
4 302682.3 83 16 (41.') 314' 

3 808798.4 92 

2 804599.7 97 

1 305116.0 99 

8d7(4F)5s 3F 4 304244.9 83 16 (4F) 5F 
3 305856.0 92 
1 806941_8 97 

3d7(4P)4d 5p 1 306982.5 99 

2 307167.0 97 

3 307517.8 96 

3d7(4p)4d 5F 5 309418.9 98 
4 309490.4 92 

3 809653.1 88 

2 309864.7 87 
1 310057.1 86 

3d7(2G)4d 3n 3 310800.2 82 

2 311274.0 53 19 (4p) 3F 

3d7(4p)4d 3F 3 311010.7 44 Z9 ~G) IF 
4 311177.0 83 

2 312061.4 57 20 (20) an 

8d7(2G)4d 31 7 311628.0 95 

6 311742.9 71 20 (20) II 
5 313253.3 49 Z7 (20) 3H 

3d74d 1 311726.7 32 (4p) 3p 24 (20) 3n 

3d7(2G)4d 3G 5 311998.S '78 13 (20) 3H 
4 312466.7 80 

3 313257.0 92 

3d7(2G)4d IF 3 812082.5 52 27 (4p) 3F 

3d74d 5 812415.5 44 flo) 31 18 (20) 3H 

3d7(2G)4d 3H 6 312514.9 77 18 (20) II 
4 313871.5 90 

3d74d 2 312601.5 32 (4p) 3p 28 (4p) 5n 
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Cu IV - Continued 

Configuration Term J Level (em-i) Leading percentages 

3d7(4P)4d 5D 4 312629.9 85 

3 312956.8 81 

2 313294.7 60 16 (4p) 3p 

3d7(2G)4d II 6 313715.4 58 26 (2G) 3J 

3d7(2G)4d IH 5 314262.2 57 39 (2G) 3H 

3d7(2G)4d 3F 4 314987.8 55 13 (2p) 3F 
3 315450.0 53 12 

2 316191.7 54 

3d7(2G)4d IG 4 315598.5 68 13 (2Ji) IG 

3d7(2p)4d 3D 2 315846.0 53 10 (4p) 3p 
g 815912.2 74 

3d7(2p)4d ~ 4 316732.3 47 22 (2Ji) 3F 
3 317810.5 42 21 (2p) iF 

3d74d 3 317017.0 25 (2p) IF 22 (2H)3F 

3d7(2ffi4d 3K 8 318452.4 100 

7 318510.0 62 38 (2Ji) iK 
6 319703.7 95 

3d7(2Ji)4d 3G 5 318746.1 93 

4 319896.1 68 11 (2D)~ 

3d7(2H)4d IF 3 319268.4 58 11 (2p) IF 

3d74d 4 319586.7 36 (2D2) 3F 17 (2H) 3G 

3d74d 3 319992.7 26 (2I)2)3F 21 (2D2) 3D 

3d7(2H)4d IK 7 320141.7 60 36 (2H>~ 

3d7(2H)4d 3H 6 320601.1 62 4 4s23H 
5 321064.0 44 21 

3d7(2D)4d 3G 5 320781.7 66 18 (21)1) 3G 

3d74d 4 320952.7 36 (21)2) 3G 34 (2D2) IG 

3d7(2H)4d 31 7 321135.1 99 
6 321542.1 86 11 (2Ji) 11 
5 322524.0 68 26 (2H)~ 

3d7(2D2)4d IF 3 322051.3 38 11 (2D1) IF 

3d7(2H)4d IH 5 322317.4 48 25 (2H)SX 

3d7(4P)5s 5p 3 322338.2 99 

2 322608.1 84 

1 323249.0 

3d74d 4 323155.3 32 (21)2) IG 29 (2J>2) sa 
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Cu IV - Continued 

Configuration Term J Level (cm-I) Leading percentages 

3d7(2H)4d I} 6 323754.8 84 

3d64s2 3H 6 324118.1 57 36 (ZH) 3H 
5 324619.3 42 30 

4 324 731.4 35 31 

3d7(4P)5s 3p 2 324418.7 95 

3d7eO)5s 30 5 324759.9 78 10 4s23H 
4 325225.9 73 21 (2O)5s 10 
3 326247.5 88 

3d7(2G)5s IG 4 326979.8 79 2d (ZU) 3G 

3d7eID4d 3F 4 327356.7 46 13 (~2) 3F 
3 328720.0 43 13 

2 329341.2 36 11 

3d7(2P)5s 3p 2 329181.7 79 

1 329632.8 58 20 (2p) Ip 

3d7(2p)5s Ip 1 331041.9 59 33 (2p) 3p 

3d7(2ID4d 10 4 332035.9 62 13 (2F) 10 

3d7(2ffi5s 3H 6 332436.4 100 

5 332854.7 78 22 (2H) IH 
4 333868.7 95 

3d7(2J>2)5s 3D 3 333005.7 76 23 eD1) 3D 
2 333736.7 42 20 (2D2) ID 

3d7(~)5s IH 5 334564.8 77 20 (2H) 3H 

3d7(ZD2)5s In 2 335885.5 46 24 (2J>2) 3D 

3d7(ZF)4d 3H 5 338974.8 92 

6 339378.8 90 

3d7(~4d 30 3 339392.7 79 10 (ZF) IF 
4 339763.8 90 

5 340161.9 94 

3d7(2F)4d IH 5 339808.5 93 

3d7(~4d 10 4 347248.7 84 10 (~) 10 

3d7(2F)5s 3F 3 351520.2 93 

4 351908.8 100 

....................... .............. ....... . .................... 
eu v (4F9/2) Limit 462800 
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Cuv 

Z=29 

Mn I isoelectronic sequence 

Ionization energy 644 000 ± 6000 em-I (79.8 ± 0.7 eV) 

The first work on Cu v was reported by van Kleef, 
Joshi, and Benschop [1975] who found the 4p term of 3d7 

and the 6PO, 40°, and 4po terms of 3d6e0)4p. 

without taking into account configuration interaction be
tween 3d7 and 3d64s. 

New observations of this spectrum were obtained by 
van Kleef. Raassen. and Joshi [1976]. They identified the 
3d7 -3d64p array in the region 270-410 A and the 
3d64s - 3d64p array in the region 1100-1330 A. All lev
els of the 3d7 were reported as well as 53 of the 63 levels 
of the 3db4s and 175 of the 180 levels of 3d64p. The 
uncertainty of the level values is ±3 em-I. Percentage 
compositions were obtained for these configurations 

The value for the ionization energy was obtained by 
Lotz [1967] by extrapolation. 

Configuration Term J 

3d7 4F 9/2 
7/2 

5/2 
3/2 

3d7 4p 5/2 
3/2 
1/2 

3d7 2G 9/2 
7/2 

3d7 2p 3/2 
1/2 

3d7 2H ll/z 
9/2 

3d7 2D2 5/2 
312 

3d7 ~ 5/2 
7/2 

3d7 2])1 3/2 
5/2 

3d6(5D)4s 6D 912 

7/2 

5/2 
312 

1/2 
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Cuv 

Level (em-I) Leadingpereentages 

0.0 100 

1615.9 100 

2759.3 100 

3528.1 99 

20826.8 99 

21065.9 89 10 2p 

21935.1 96 4 2p 

22575.3 96 3 2JI 
24099.8 100 

27015.9 78 10 4p 

28366.6 96 4 

30401.7 100 

31823.4 97 3 2Q 

30966.0 76 23 2Dl 
33292.4 70 17 

49490.0 100 

50071.9 100 

76838.2 80 20 2])2 
77668.0 77 23 

187779.4 100 

188832.7 100 

189586.9 100 

190100.3 100 

190400.3 99 
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eu V - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d6(5D)4s 4D 7/2 199441.3 99 
5/2 200648.2 100 
312 201412.8 99 

1/2 201849.7 99 

3d6(3P2)4s 4p °/2 ~19 20;i.4 62 37 (uPl) 4pw 
3/2 221664.1 59 34 
1/2 223375.5 62 35 

3d,3H)4s 4H 13/2 220207.8 99 1 (II) 2r 
11/2 220622.8 97 3 (3G) 4Go 
9/2 220938.1 90 5 (3G) 4Go 
7/z 221271.9 99 5 (3G) 4Go 

3d6(3F2)4s 4F 9/2 222401.3 68 20 (3Fl) 4Fo 
7/2 222885.7 72 19 
5/2 223214.2 77 19 
3/2 223476.5 80 19 

3d6(3G)4s 4G 11/2 226310.8 64 34 (3B) 2Ho 
"'/2 227542.6 59 34 (3H) zHo 
7/2 228020.3 81 8 (3F2) ~o 
5/2 228105.3 85 8 (3F2) 2Fo 

3d6ep2)4s 2p 3/2 226888.8 58 34 (3PI) 2po 
1/2 229773.6 61 35 

3dse1H)4s 2H 11/2 227800.5 64 33 (3G) 40° 
9/2 228047.5 60 32 

3d6(3F2)4s ~ 7/2 229587.5 64 18 (3Fl) 2Fo 
5/2 230531.7 71 17 

3d6(3G)4s za 9/2 234036.4 95 4 (3H) 2Ho 
7/2 235052.5 94 5 (3F2) 2Fo 

3d6(3D)4s 4D 3/2 236039.8 98 1 (ID1) 20° 
5/2 236058.9 98 1 eDl) 2n° 
1/2 236108.8 99 1 epl) 2p0 
7/2 236331.2 99 

3d6(1I)4s 21 13/2 238233.6 99 1 (3H) 4Ho 
11/2 238305.2 99 1 (3H) 2Ho 

3d6(1G2)4s 2G 9/2 239540.9 65 32 eG1) 2Go 
7/2 239614.5 65 31 

3d6eD)4s 2D 5/2 243140.4 96 2 (lD2) 2Do 

3d6(lD2)4s 2n 5/2 246476.5 74 20 eDl) 2n° 
3/2 246624.3 72 20 

3d6(1F)4s 2F 7/2 256272.5 97 2 (3F1) 4Fo 
5/2 256272.9 97 1 

3d6(3Fl)4s 4F 3/2 265691.5 80 19 (3F2) 4Fo 
9/2 265752.4 78 22 
5/2 265886.0 79 19 
7/2 265975.0 77 20 
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Cu v - Continued 

Configuration Term J Level (cm-1) Leading percentages 

3d6(50)4p 60° 9/2 266226.7 97 2 (50) 6FO 

7/2 266560.0 95 2 
5/2 267068.8 96 2 
3/2 267488.7 98 1 
1/2 267759.0 99 

3d6(3F1)4s 2F 7/2 272755.1 77 21 (3F2) 2Fo 
5/2 272800.8 80 20 

3d6(50)4p 6FO 11/2 274003.9 100 
9/2 274064.5 92 5 (50) 4Fo 

7/2 274073.2 89 4 (50) 4FO 
5/2 271s 11s6.2 92 3 (50) 40° 
3/2 274188.5 94 3 (50) 40° 

1/2 274209.7 95 3 (50) 40° 

8d6(5D}4p 6po 7/2 178988.0 78 14 (5D) 4Do 
5/2 278294.6 81 14 
3/2 279589.5 88 9 

3d GeG1)4s ~ 9/2 278281.8 66 33 eG2) 20· 
7/2 278380.0 66 33 

3d6(5D)4p 40° 7/2 278663.1 78 18 (50) 6po 

5/2 279496.8 77 16 (50) 6po 

312 280065.7 82 11 (50) 6po 

1/2 280373.3 91 4 (50) 6Fo 

3d6(50)4p 4Fo 9/2 279421.1 92 6 (5D) 6Fo 

7/2 280928.7 93 4 (50) 6Fo 

5/2 281942.4 95 2 (50) 6Fo 
3/2 282621.5 97 1 (3G) 4Fo 

3d6(50)4p 4po 5/2 284520.9 96 2 (30) 4po 

3/2 285546.4 97 1 
1/2 286068.7 97 1 

3d6(3H)4p 4Go 11/2 300401.2 69 19 (3F2) 4Go 
9/2 900 89'1..1 4Ei 'Z1 

7/2 301255.4 36 33 
512 309569.9 30 17 

8d~gP2)4p "PD 5/2 101080.5 Z3 20 (lIpl) "po 

1/2 302961.2 46 41 

3d6(3H)4p 4r ll/2 301286.4 49 34 (3H) 4Ho 
13/2 301336.1 46 37 (3H) 4Ho 

9/2 302980.4 46 19 (3H) 2Go 

15/2 303456.4 99 1 (II) 2J{0 

3d6(3H)4p 9/2 301385.6 37 4r 36 (3H) 4Ho 

3d6(3F2)4p 4Go 5/2 301533.4 41 38 (3H) 4Go 

712 307990.7 26 15 (3H) 4Go 

11/2 308064.9 51 15 (3F1) 4Go 

3dSC3H)4p 7/2 301586.7 36 4Ho 21 (3H) 2Go 

3d6(3F2)4p 7/2 303209.3 18 4Fo 17 (3H) 4Ho 
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Cu v - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d6(3P2)4p 5/2 303241.7 29 2n° 21 ep2) 4po 

3d6(3F2)4p 4Fo 5/2 303479.1 49 16 (3F) 4Fo 
3/2 303734.1 61 19 
9/2 304092.2 44 16 

3d6(3p2)4p 3/2 303679.5 23 4n° 22 (3p2) 48° 

3d6(3H)4p 4Ho 11/2 303931.7 42 44 (3H) 4r 
13/2 304062.3 51 38 

3d6(3P2)4p 4n° 7/2 304199.0 48 26 (3pl) 4n° 
5/2 tJOG 905.8 97 16 

3d6(3H)4p 9/2 304456.1 30 2Go 26 (3H) 4Ho 

3d6(3H)4p 7/2 304655.0 26 2Go 18 (3F2) 4Fo 

3d6(3F2)4p 4n° 7/2 305453.3 43 10 (3H) 2Qo 

5/2 306115.6 47 10 (3F!) 4n° 
3/2 306678.1 53 10 (3F!) 4n° 
1/2 306989.1 64 13 (3n) 4n° 

3d6eP2)4p 3/2 305844.4 18 4po 16 epl) 4po 

3d6(3H)4p 2Jo 13/2 305882.7 81 15 (3H) 4r 
1112 306892.2 79 5 

3d6(3P2)4p 3/2 307138.8 21 4n° 16 (3P2) ~o 

3d6eF2)4p 9/2 307824.5 32 4Go 16 (3H) 4Go 

3d6(3F2)4p 5/2 307909.5 23 ~o 16 (3F2) 4Go 

3d6eG)4p 4r 9/2 308817.8 54 24 (3G) 4Go 
7/2 309801.3 42 36 (3G) 40° 
3/2 311708.3 62 16 (3n) 4Fo 

3d6(30)4p 11/2 309269.1 30 2Jio 
Zl (3G) 40° 

3d6(3F2)4p 7/2 309294.1 22 ~o 14 (3H) 40° 

3d6(3P2)4p 1/2 309702.9 27 2p0 24 (3P2) 28° 

3d6(30)4p 9/2 309772.0 25 2Jio 
22 (3F2) 20° 

3dfi(3P2)4p zpo 3/2 310450.4 46 30 (3Pl) zpo 

3d~SO)4p 40° 11/2 310483.1 45 19 (3H) 2JIo 

3d6(3G)4p 5/2 310753.8 33 4Fo 30 (30) 40° 

3d6(3F2)4p 9/2 310874.9 23 20° 18 (30) 40° 

3d6(BF2)4p 2Qo 7/2 311220.3 57 13 (3F2) 20° 

3d6(3G)4p 9/2 311232.9 31 40° 20 (3H) 2Jio 

3d6(3G)4p 7/2 311582.4 38 40° 26 (30) 4Fo 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



572 J. SUGAR AND A. MUSGROVE 

Cu v - Continued 

ConfIgUration Term J Level (em-I) Leading percentages 

3d6(30)4p 5/2 311837.8 37 40° 32 (30) 4Fo 

3d6(30)4p 4Ho 13/2 311888.8 84 11 (3H) 4Ho 

7/2 312073.1 63 11 (3H) 4Ho 
11/2 312105.5 69 12 (3H) 2Ho 
9/2 312138.0 67 8 (3m 4Ho 

3d6(3P2)4p 2g0 1/2 311982.0 46 18 (3pl) 28° 

3d6(3F2)4p 2])0 5/2 314237.9 62 11 (~) 2])0 
3/2 314988.0 61 16 

3d6(sa~ iFo 5/2 31813.(,..0 41 19 (3]) 2Ft' 
7/2 316642.6 47 18 

3d6(3H)4p 2Ho 11/2 316149.4 50 38 (SO) 2Ho 
9/z 31'1201.1 30 30 

3d6(ll)4p 2J{0 13/2 3172J,.0.4 96 3 (In 2]:0 
15/2 319407.6 99 1 (3m 4r 

8d6(3D)4p 4po 5/2 318923.1 85 4 (3p2) 4po 
312 319404.1 67 11 (3D) 2p0 
1/2 320216.4 46 21 (an) 4Do 

3d6CSO)4p 20° 7/2 319301,;.2 65 9 (am 20° 
9/2 319689.0 46 13 (102) 2Ho 

3d6(i02)4p 9/2 319418.8 29 2Ho 21 (30) 20° 

3d&c11)4p 2Ho 11/2 319951.5 55 21 (IG2) 2Ho 
9/2 323616.8 62 14 (IGl) 2Ho 

3d6(an)4p 1/2 320935.3 44 4po 19 (an) 2p0 

3d&can)4p 4Fo 3/2 321074.0 55 22 (sa) 4Fo 
5/2 321364.9 50 18 (3G) 4Fo 

7/2 322464.1 45 12 (IG2) 20° 
9/2 fJB875.8 79 11 (30) 4r 

3d6(an)4p 7/2 321 483.0 22 4n° 20 (an) 4Fo 

3ct6eD)4p !l/2 321443.1 30 2p" Z3 (liD) 4D" 

3d6(IG2)4p 2Qo 7/2 321795.8 38 14 (lGl) 2Qo 
9/2 322375.9 48 20 

3dSCSD)4p 4Do 5/2 322192.1 64 17 (3D) 4Fo 
3/2 322470.0 44 37 (3n) 2p-
7/2 3227U.4 50 11 (iG2) 2Fo 

8d&c3D)4p 1/2 322569.0 38 4Do 35 (an) 2p0 

3d6(IQ2)4p 5/2 323222.4 33 2F- 16 (sa) 2F-

3d&c1G)4p 2Ho 11/2 323506.3 39 28 (IGl) 2Ho 

3d6(ll)4p 2]:0 13/2 324 623.5 97 3 (in 2J{0 
11/2 32J,. 668.3 78 12 (In 2Ho 
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Cu v - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d6(3D)4p 2J)0 3/2 32J,. 908.8 64 13 (ID2) 2po 

5/2 325518.5 82 3 (3D) 2Fo 

3d6(ID2)4p 2p0 3/2 325923.J,. 28 19 (182) 2p0 
1/2 331353.6 42 24 

3d6(3D)4p 2Fo 7/2 326 J,. 77. 1 61 16 (lD2) 2Fo 
5/2 327268.0 46 26 

3d6(182)4p 2p0 1/2 327379.7 32 22 (lD2) 2p0 
3/2 3329J,.6.3 37 22 

3d6(ID2}4p 2n0 5/2 929999.G 34- 15 (IF) 2n0 
3/2 329960.8 58 11 (lD!) 2Do 

3d6(lD2)4p 2Fo 5/2 330765.1 27 20 (IDl) 2Fo 
'7/2 331435.0 48 2 eD!) "Fa 

3d6(lF)4p 20° 7/2 335935.2 87 3 (3G) 2Qo 

9/2 338059.3 92 2 (IG2) 20° 

3d6(lF)4p 2J)0 5/2 338015.8 55 18 (ID2) 2J)0 
3/2 339377.8 45 18 (3Fl) 4Do 

3d6(3Pl)4p 4Do 1/2 3398J,.5.5 39 36 (3FI) 4Do 

3d6(lF)4p 3/2 3J,.0J,.82.7 32 2Do 24 (3pI) 4Do 

3d6(3FI)4p 4Do 5/2 3J,.0722.8 42 29 (3pI) 4Do 

7/2 3J,.0819.5 52 23 
1/2 353590.0 46 23 

3d6(IF)4p 2Fo 5/2 3J,.3301.1 80 5 (IG2) 2Fo 
7/2 3J,.3337.2 81 5 

3d6(3F)4p 4Go 5/2 3J,.7219.0 77 16 (3F2) 4Go 

7/2 3J,.7793.1 76 17 
9/2 3J,.8323.7 71 17 
11/2 flJ,91G'l.G 77 19 

3d6(3Pl)4p 48° 3/2 3J,.9300.5 74 23 (3P2) 48° 

8d'X3F)4p ~" 3/2 351430.8 49 22 (IIPl) 2Do 
5/2 352J,.19.2 44 23 

3d6(3p!)4p 4po 1/2 351671.9 48 38 (3p2) 4po 
3/2 35200J,..5 50 40 
5/2 353 J,.85. 7 31 25 

3d6(3Fl)4p 2Go 9/2 352582.3 63 15 (3F2) 2Go 

7/2 3536J,.5.9 64 14 

3d6(3Fl)4p 3/2 35J,.039.3 31 4Do 21 (3p!) 4Do 

3d6(3Fl)4p 5/2 35J,.5J,.8.0 22 4Fo 17 (3pI) 4po 

3d6(~l)4p 4Fo 3/2 35J,. 796.7 52 17 (3F2) 4Fo 

9/2 355875.0 64 24 
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Cu v - Continued 

ConfIgUration Term J Level (em-I) Leading percentages 

3d6(3Fl}4p 7/2 354905.2 36 'Fo 16 (3pt) 'Do 

3d6eFl}4p 5/2 355606.0 39 4Fo 13 (3pt) 4Do 

3d6(3Fl}4p 7/2 356372.1 26 4Fo 22 (3pl) 4Do 

3d6(~1)4p 2Do 3/2 356661.9 26 21 (3pt) 2Do 

3d6(3Pl)4p 2p0 1/2 357881.0 54 34 (3p2) 2p0 
3/2 359141.2 44 29 

3d6(3Pl}4p 2Do 5/2 357948.3 34 25 (~l) 2Do 

3d6(3Fl}4p ~o 7/2 358724.8 47 20 (~) 2Fo 
5/2 359491.9 64 24 

3d6(lGl)4p 2}l0 9/2 9GOO58.J 58 sa (102) 2J{o 
11/2 362144.7 62 35 

3cJ6(IGl}4p 712 362142.8 27 2Qo 23 (IGl) ~o 

3d6(lGl}4p ~o 5/2 363396.8 53 24 (lG2) ~o 

3d6(IGl)4p 2Qo 9/2 364606.6 63 26 (IG2) 2Qo 
7/2 365071.1 39 16 

3d6(lDl}4p 2Do 3/2 386004.2 79 17 (lD2) 2Do 

5/2 386705.0 78 17 

3d6(lDl}4p ~o 5/2 392652.5 69 21 (ID2) 2p'0 
7/2 394391.0 73 22 

3d6(lDl)4p 2p0 3/2 394248.5 65 24 (ID2) 2p0 
1/2 394912.4 65 25 

....................... .............. ....... . .................... 
Cu VI (5D4) Limit 644000 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 575 

CUVI 

Z=29 

Cr I isoelectronic sequence 

Ionization energy 831 000 ± 8000 cm -1 (103 ± 1 e V) 

The initial line identifications in this spectrum were 
the 3d6 SD-3dS(6S)4p spo multiplet found by Poppe et 
aL [1974]. A considerable extension was made by 
Raassen and van Kleef [1981] using new exposures of a 
sliding spark discharge. They reported an analysis of the 
3d6 -3ds4p array that produced all levels of 3d6

, except 
for the highest ISo, and 208 of the 214 levels of 3ds4p. 
They also analyzed the 3ds4s - 3ds4p array and found 13 
of the 74 levels of 3ds4s. The level accuracy is estimated 
to be ±1.5 cm- I

• The percentage compositions for all 
the levels were calculated by these authors without tak-

ing into account configuration interaction between 3d6 

and 3dS4s. 

Configuration Term J 

3d6 5D 4 
3 
2 
1 
0 

3d6 3P2 2 
1 
0 

3d6 3H 6 
5 
4 

3d6 3F2 4 
3 
2 

3d6 3G 5 
4 
3 

3d6 II 6 

3d6 3D 2 
1 
3 

3d6 IG2 4 

3d6 182 0 

3d6 ID2 2 

ad6 IF 3 

The value for the ionization energy was derived by 
Lotz [1967] by extrapolation. 
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CuVI 

Level (em-I) Leading percentages 

0.0 100 

1195.8 100 

1986.8 100 

2489.6 99 

2733.4 99 

29285.0 62 37 3pl 
32684.9 63 36 

33867.8 62 35 

30417.6 99 1 II 

31009.2 96 4 3G 
31287.6 81 8 3F2 

32756.0 63 18 3Fl 
33295.8 74 20 

33739.6 80 19 

37378.1 96 4 3H 
38468.9 91 5 aF2 
38907.4 94 5 3F2 

46405.8 99 1 3H 

46714.2 96 2 ID2 
46848.3 100 

47119.1 99 

47611.6 65 32 IGI 

53786.6 75 22 181 

54747.1 75 21 IDI 

64967.6 98 1 3F1 
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eu VI - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d6 3p1 0 74712.0 64 35 3p2 
1 75774.1 63 37 

2 77908.8 62 38 

3d6 3F1 2 77145.0 80 19 3F2 
4 77223.8 77 22 

3 77467.9 78 20 

3d6 IGI 4 87505.9 66 33 3G 

Sd6 lD1 2 117084.3 78 22 ID2 

3d5(68)4s 78 3 250876.6 100 

3d5(68)4s 58 2 265639.1 100 

3d5(40)4s 50 6 299143.0 100 
2 299250.6 99 

5 299256.0 100 

3 299282.1 99 

4 299292.9 100 

3d5(40)4s 30 5 308997.5 100 

3 309046.1 84 14 (4D) 5D 
4 309110.8 98 

3d5(2J:)4s 31 5 322791.9 98 

6 322804.7 99 

7 322877.3 100 

3d5(68)4p 7p" 2 342 225.2 98 

3 343276.6 97 

4 345137.1 100 

3d5(6S)4p 5p" 3 355259.2 95 

2 356131.2 ~6 

1 356674.0 97 

3d5(40)4p 50" 2 388191.7 89 5 3F" 
3 388236.1 80 12 5H" 
4 388312.3 76 12 5H" 
5 388442.1 76 17 5H" 
6 388707.5 80 14 5H" 

3d5(40)4p 5H 3 390618.2 84 10 50" 
4 391198.1 75 13 5G" 
5 891 G91.7 M 33 SF" 
6 392593.6 82 16 5G" 
7 393090.2 100 

3d:l(4P)4p °D" 2 391986.5 46 17 (4D) °D" 
4 395407.1 58 20 

3dS(4G)4p 3 392255.1 29 sF" 28 (4p) 5D" 

3d5(4G)4p 5F" 5 392516.7 51 26 5H" 
4 392712.6 62 11 (4D) SF" 
1 394014.7 68 14 (5D) 5F" 

3 39 117. 46 23 (4p) 5n" 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 677 

eu VI - Continued 

Configuration Term J Level (cm-l ) Leading percentages 

3d5(4p)4p 5so 2 ,3934-25.4- 45 25 (40) 5FO 

3d5(40)4p 2 394-133.8 37 5Fo 29 (4p) 5so 

3d5(4P)4p apo 3 3956·01.0 37 33 (4D) uP" 
2 3964-54-.5 54 28 

1 396523.6 68 13 

3d5(4G}4p 3Fo 2 396283.7 80 5 (40) 50° 

3 396617.1 79 

4 396929.1 86 5 (4F) 3Fo 

3d5(4G)4p 3Ho 6 3974-04-.4- 91 

5 398022.8 93 

4 398376.6 94 

3d5(4p}4p 3po 2 398273.1 43 17 (4D) 3po 

1 398722.7 37 15 

0 399329.0 59 20 

3d5(4D)4p 5Fo 1 399112.8 58 18 (40) 5Fo 

2 3994-34-.6 70 17 (4Q) 5Fo 

3 399881.3 72 11 (40) 5Fo 

4 4-00562.7 73 9 (4p) aD 
5 4-01264-.1 90 6 (40) 5FO 

3d5(4D)4p 5Do 3 4021tJ4.1 liO 20 (4p) 5Do 

4 4-02534-.3 66 22 

2 4-02766.8 52 18 

1 4-03358.0 47 17 
0 4-04-184-.0 58 21 (4p) 5Do 

3d5(40)4p 300 3 4-02988.8 88 

4 4-03086.6 89 
5 4-03132.9 91 

3d5(4p)4p 3Do 3 4-03360.0 58 15 (4D) 5po 

2 4-03961.1 51 19 

3d5(4D)4p 5po 1 4-04- 096.2 46 26 (4p) 3Do 

2 4-05505.8 33 18 (4p) 5po 

3d5(4p)4p 1 4-04901.7 30 3Do 22 (4D) 5po 

3d5(4D)4p 3Do 3 405213.5 47 14 (4DO) 5Do 

2 4-06659.4- 69 8 (4F) 3Do 

1 407217.4- 54 26 (4p) 3Do 

3d5(4D)4p 3 406752.6 33 5po 29 (4D) 3Do 

3d5(4D)4p 3Fo 4 407355.9 80 6 (202) 3Fo 

3 4-08177.6 69 11 (4p) 3Do 

2 408281.7 7u 10 (4p) 3Do 

3d5(4P)4p 3so 1 4-10288.7 88 

3d5(2]:)4p 3Ko 6 411872.1 66 27 (2]:) 3r 

7 412439.9 54 35 (2]:) 3r 

8 415520.0 100 
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Cu VI - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d5(21)4p 3r 5 4.12326.4. 58 22 el) lHo 

6 4.14. 203.7 42 27 (2J) 3Ho 

7 4.15694..4. 60 39 (21) 3Ko 

3d5(4D)4p 3po 0 4.124.69.3 71 23 (4p) 3po 

1 4.13072.5 63 21 

2 4.13692.0 46 23 

3d5eFl)4p 3Fo 2 4.14.298.5 24 19 (2D3) 3Fo 

3d5eD3)4p 3Fo 3 4.15258.3 33 21 (~2) 3Fo 

4 4.17511.5 34 24 (2Fl) 3Fo 

3d5(2D3)4p 2 4.15851.8 28 3Fo 21 (2D3) IDo 

~d5(2T)4p IHo 5 .UG024:.9 405 ad (2]:) 31° 

3d5(2J)4p 3Ho 6 4.16410.9 62 25 (2J)3r 

4 417099.5 69 7 (2G2) 3Ho 
:) 417221.3 14 14 eI) lH8 

3d5(2J)4p lKo 7 417267.3 89 6 (21) 3Ko 

3d5(2J)4p 4 419364.9 39 IGo 11 (21) 3Ho 

3d5(2D3)4p 2 419365.2 36 apo 15 (2Fl) an° 

3d5(2D3)4p 1 4.19605.8 30 3Do 27 (2D3) 3po 

3d5~Fl)4p 3 419864..2 25 3Fo 24 (2Fl) 30° 

3d5(4F)4p 5Go 2 4.20151.2 78 8 (2Fl) 3Fo 

3 420355.8 47 21 (2Fl) 3Do 

4 420699.4 62 7 (4F) 5Fo 

5 420914.7 52 10 (4F) 5Fo 

6 422269.8 45 31 (21) lr 

3d5(4F)4p 3 420201.1 22 50° 21 (~) 3Do 

3d5(2D3)4p 3po 0 4.21423.5 63 19 (2Dl) 3po 

3d5(2D3)4p 3Do 2 1,fJ11,G1.1 41 16 (4F) 5Fo 

3d5(2D3)4p 1 421516.1 28 3po 24 (2D3) 3Do 

3d6(2JJ3)4p 3 421622.9 28 3D" 12 (2D3) 3F" 

3d5(4F)4p 4 4.21924.7 30 5Fo 27 (4F) 5Do 

3d5(4F)4p 5Fo 3 422221.2 56 26 (4F) 5Do 

1 423078.0 70 11 (4F) 5Do 

5 423123.7 40 24 (~l) 30° 

3d5(2Fl)4p 4 422425.6 31 3Fo 29 (~1) 30° 

3d5(4F)4p 2 4.22613.1 37 5Fo 26 (4F) 5Do 

3d5(~1)4 3Go 5 422833.7 57 26 (4F) 5Go 
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Cu VI - Continued 

Conf"lgUl'ation Term J Level (em-I) Leading percentages 

3dsf(2)4p 3Ho .4 422841.4 30 28 (2Ji) sHo 
5 423618.3 30 25 

6 434722.8 43 35 

3dS~p lr 6 422858.7 49 44 (4F) sao 

3dS(TI)4p an° I 423304.7 46 20 ~S) lpo 

Sds(2FI)4p 2 423374.7 31 an° 18 (2FI) 3Fo 

3dS(2FI)4p S 423403.4 19 3Go 19 ~3)~O 

3d5(2D3)4p .4 424332.5 21 ~o 20 (2Ft) sao 

3d5(2Ji)4p 3 424482.8 20 SO° 14 (2F2) 3Go 

3ds(2FI)4p 2 424 511.8 25 ~o 17 (2FI) 3n° 

3d~2Ji)4p 3Go 5 424590.4 44 12 (2G2) 3Go 
4 424 697.7 38 14 (lG2) 3Qo 

3dS(4F)4p sn° .4 425101.8 43 30 (4F) Sr 
0 425954.6 85 9 ~S)3po 

I 426008.4 72 10 (4F) sr 

2 426112.6 59 15 (4F) Sr 

3d~p sao 6 425544.3 34 29 (2Q2) sao 
4 432939.3 40 31 

3d~4F)4p 3 425599.1 19 Sn° 14 (2Ji) 3Go 

Sd~4F)4p 3 425877.0 38 Sn° 13 (4F) Sr 

3d~p st° 5 427330.6 81 8 (2Ji) SJlo 
6 428430.6 71 11 (2Ji) lr 
7 429749.9 95 

3dS(2G2)4p " ~J7 387.3 19 lGo 11 (2Fl) la° 

3d~2(2)4p 3Go 3 427940.9 27 22 (4F) sa· 
3d¥D3)4p Ipo t 428048.' 4U 24 ~1) an" 
3d5(4F)4p 3Go S 428386.0 64 11 (2G2) sao 

4 428672.9 56 13 (2Q2) sao 

SdS(2F2)4p In° 2 428503.5 44 27 (2J>S) In° 

3dsea2)4p 3Fo 3 429135.6 42 27 (4F) sao 
4 429577.5 46 17 ea2) IGo 
2 429657.4 51 8 (4F) 3r 

3dS(2FI)4p IF· 3 429873.4 59 7 ea2)~O 

3dS(2Ji)4p lr 6 431218.3 70 12 (2Ji) sao 

3dS(4F)4p an· 2 431231.7 43 17 ffl) In° 
3 431530.7 39 14 (2F2) sr 
I 432272. 77 8 4n) an· 
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Cu VI - Continued 

Configuration Term J Level (cm-l) Leading percentages 

3d5(4F)4p 3Fo 4 1,.31766.6 53 30 (~2) 3Fo 

3 1,.32839.7 53 18 (4F) 3Do 

2 1,.33257.9 45 22 (4F) 3Do 

3d5(2G2)4p 5 1,.3281,.0.8 34 3Ho 24 (2G2) 3Go 

3d5(3F2)4p 3Go 5 1,.31,. 063.7 20 21 (2F2) 3Go 

3 1,.31,.261,..0 28 26 eG2) 3Go 
4 1,.31,.286.1,. 27 16 eG2) 3Go 

3d5(2F2)4p IGo 4 1,.31,. 812.2 28 11 (~) IGo 

3d5(~2)4p 3Fo 3 1,.35//69.7 39 15 (4F) 3Fo 

4 1,.//6506.5 41 16 (4F) ~o 

Sd5(4F)4p 2 1,353'7!).!J 31 3Fo 20 (2G2) 8Fo 

3d5(2G2)4p IHo 5 1,.//5676.7 46 30 (2H) IHo 

3dO(2G2)4p iF" 3 436243.7 fiiS ., (2G2) gF" 

3d5(2F2)4p IDo 2 1,.//61,.75.9 55 27 (2F2) 3Fo 

3d5(~)4p IHo 5 1,.372////.9 58 32 eG2) IHo 

3d5e8)4p 8po 1 1,.//8607.7 42 32 (2F2) 3Do 

2 J,.J,.1//75.8 70 16 eD2) 3po 

3d5eF2)4p 3 1,.//9180.1 37 3Do 18 (2H) 3Go 

3d5(2F2)4p 3Do 2 1,.39327.1 66 12 (2Fl) 3Do 

1 1,.39775.0 44 36 (28) 3po 

3d5(~)4p 3Go 3 1,.//9706.8 29 23 (~2) 3Go 

3d5eF2)4p 3Go 4 J,.J,.0372.2 44 38 (2H) 3Go 

5 J,.J,.0896.// 56 31 

3d5(~)4p IGo 4 J,.J,.// 1,.//2.9 39 36 (2F2) IGo 

3d5(28)4p lpo 1 J,.J,.J,.1,.//2.7 67 19 (2D2) Ipo 

3d5(2F2)4p IFo 3 1,.45290.5 85 

3d5eD2)4p 3Fo 2 1,.5//66//.5 65 22 (21)2) 3Do 

3 454176.3 47 27 (2D2) 3Dv 

4 1,.56545.2 91 6 eG2) 3Fo 

3d5(2D2)4p 3Do 1 451,.//17.5 87 
2 1,.54921.2 62 21 (21)2) 3Fo 

3 1,.56264.2 59 33 (2D2) 3Fo 

3d 5(2I)2)4p IFo 3 457544.9 68 13 (201) IFo 

3d5(2D2)4p 3po 0 458688.9 84 14 e8) 3po 

2 458731.8 67 17 

1 458778.9 73 15 

3d5(2D2)4p Ipo 1 1,.60536.5 70 17 (28) Ipo 
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Cu VI - Continued 

Configuration Term J Level (em-I) Leading percentages 

3d5(-DZ)4p IDo 2 4G1 GOO./J 84 5 (~2) lDo 

3d5(2Ql)4p 3Fo 4 .46.4 7.41.7 54 20 (2Gl) 3Ho 

3 .465803.6 52 38 (2Gl) 3Go 

2 .467531.5 89 6 eDl) 3Fo 

3d5(2Gl)4p aHo 4 .465130 . .4 64 25 (2Ql) aFo 

5 .465.460.0 71 18 (2Gl) aGo 

6 467599.8 98 

3d5(2Gl)4p 3Go 3 .467819.2 56 38 (2Gl) 3Fo 
4 4G8 JJS.!I 78 10 (201) 3Ho 

5 .468738.6 74 22 (2Gl) 3Ho 

3d5(2Ql)4p IHo 5 J,.71595.2 88 5 (2Gl) 3Go 

3d5(2Gl)4p IGo 4 J,.71769.3 91 

3d5(2Gl)4p IFo 3 473212.1 75 11 (2D2) IFo 

3d5eP)4p 3po 0 481 J,.l1.7 75 20 (2Jl1) 3po 

1 481793.2 72 21 
2 -48//008.9 71 29 

3d5(2P)4p 3Do 2 J,.88810.3 55 28 (2p) 1Do 

1 J,.88869.J,. 88 5 eDl) 3n° 
3 491155.1 68 8 (2Dl) 3D" 

Sd5~)4p 1n° 2 J,.91878.9 46 34 ~)3DO 

3d5(2p)4p 8so 1 J,.93316.5 85 10 ~) 1po 

3d5(2p)4p Ipo 1 J,.95292.7 63 16 (2])1) Ipo 

3d5(2Jl1)4p BFo 2 502689.0 60 19 (2JlS) 3Fo 
3 503114.1 57 18 
4 505107.8 72 22 

3d5(2Jll)4p 3J)0 1 50J,. 630.2 70 21 (2D3) 3Do 
3 507108.1 58 17 

3d5(2f>1)4p IDo 2 507132.9 39 16 (2p) 1Do 

3d 5(2f>1)4p 3po 2 509325.1 41 20 (2p) 3po 

1 510178.2 55 24 
0 510942.6 55 24 

Sd5(2f>1)4p IFo 3 509967.2 68 21 (2D3) IFo 
............ "' .............. .............. ....... . ..................... 

Cu VII (6S5/2l Limit 831000 

J. Phys. Cham. Raf. Data, Vol. 19, No.3, 1990 



582 

Z=29 

V I isoelectronic sequence 

J. SUGAR AND A. MUSGROVE 

Cu VII 

Ionization energy 1 120000 ± 8000 cm -1 (139 ± 1 e V) 

The 3ds 65 - 3d44p 6p. multiplet was identified in the 
spectrum of a spark discharge by Kruger and Gilroy 
[1935]. 

Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 
van het Hof, G. J., Raassen, A. J. J., Uylings, P. H. M., Joshi, Y. N., 

Podobedova, L. I., and Ryabtsev, A. N. [1990], Phys. Scr. 41, 240. 

The value for the ionization enernr was obtained by 
Lotz [1967] by extrapolation. Note added in proof: 

References 

Kruger, P. G., and Gilroy, H. T. [1935), Phys. Rev. 48, 720. 

A new analysis of this spect11lm by wzn het Hof et aL [1990] appeared 
too late for inclusion in the present compilation. They determined all 37 
levels Of the Jds ground configuration and 129 of the 1110 posstble levels Of 
the 3d44p configuration. 

Cuvn 

Configuration Term J Level (em-I) Leading percentages 

3do 68 5/2 0 

3d,oD)4p 6p. S/2 497841 
°/2 497881 
7/2 498343 

....................... .............. ....... . .................... 
Cu vm (°Do) Liinit 1120000 

J. Ph,.. Chern. Ref. Data, Vol. 19, No.3, 1990 



Z=29 

Ti I isoelectronic sequence 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 

Cu VIII 

Ionization energy 1 340 ()()() ± 16 ()()() cm -I (166 ± 2 e V) 

No classified lines have been reported for this Reference 
spectrum. 

The value for the ionization energy was obtained by LoU, W. [1967], J. Opt. Soc. Am. 57, 873. 

Lotz [1967] by extrapolation. 

Cu IX 

Z=29 

Sc I isoelectronic sequence 

Ionization energy 1605 ()()() ± 16 ()()() cm- I (199 ± 2 eV) 

No classified lines have been given for this spectrum. Reference 
The value for the ionization energy was obtain~ by 

Lotz [1967] by extrapolation. Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 

583 
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684 J. SUGAR AND A. MUSGROVE 

Cux 

Z=29 

Ca I isoelectronic sequence 

Ionization energy 1 870 000 ± 16000 cm -1 (232 ± 2 eV) 

References Alexander et al [1966] reported the transition array 
3dz - 3d 4/. New observations by Even-Zohar and 
Fraenkel [1968] led to additional classified lines and im
proved wavelengths with an accuracy of ±0.OO5 A. in 
the range of 86-88 A. 

Alexander, E., Feldman, U., Fraenkel, B. S., and Hoory, S. [1966], J. 
Opt. Soc. Am. 56, 651. 

Fawcett et al [1980] provided measurements and clas
sifications of the 3p63d2-3ps3dl array in the range of 
132-154 A. with an uncertainty of ±0.OO7 A.. Two lines 
classified as transitions to the unknown term 3dz IG 
could not be used here. 

Even-Zohar, M., and Fraenkel, B. S. [1968], 1. Opt. Soc. Am. 58, 1420. 
Filwcctt., B. C., Ridgeley, A., and Bkberg. 1. O. [1980], Phys. Scr.ll, 

155. 
Lotz, W. [19671 1. Opt. Soc. Am. 57, 873. 

We estimated the position of the 3d2 ID2 level by ex
trapolation with an uncertainty of .:L200 em-I. All levels 
followed by "+x" are dependent on the IDzlevel value. 

The value for the ionization energy was obtained by 
Lotz [1967] by extrapolation. 

Cux 

Configuration Term J Level (em-I) 

3p 6(IS>3d2 3F 2 0 
3 2486 
4 5487 

3p 6(1 S)3d 2 In 2 23900+x 

Hp 6(lS)Hd2 3p 2 a0600+x 

3p 5(2pO)3d3(2H) 3Go 3 646870 
4 650310 
5 G55820 

3p 5(2pO)3d3(4F) 3Fo 2 713920 
3 717450 
4 720940 

3p5~o)3d3(4F) 3n° 1 756200 
3 757170 
2 757330 

3p6eS)3d4f 3Fo 2 1152390 
3 1153140 
4 1154670 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 

Leading percentages 



ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 585 

Cu x - Continued 

Configuration Term J Level (em-I) Leading percentages 

3pSeS)3d4f 3Go 3 1160630 
4 1162520 
5 1163750 

3pSeS)3d4f IDo 2 1161140+% 

3p S(lS)3d4f IFo 3 1164110+% 

3pSeS)3d4f 3Do 3 1166550+% 
....................... .............. ....... . .................... 

Cu XI (2D3/~ Limit 1870000 

J. Phys. Chem. Ref. Data. Vol. 19. No.3. 1990 



586 

Z=29 

K I isoelectronic sequence 

J. SUGAR AND A. MUSGROVE 

CUXI 

Ionization energy 2 140 000 ± 2000 cm- 1 (265.3 ± 0.2 eV) 

Alexander et al. [1965] identified the resonance dou
blet 3p63d 2D-3p 64fat 78 A. This was remeasured and 
the series extended by Even-Zohar and Fraenkel [1968] 
with a measurement uncertainty of ±0.01 A. 

ground 2D term in the range of 72-76 A, which they 
measured with an uncertainty of ±0.OO5 A. 

We derived the value for the ionization energy from 
the three-member nf series. 

References 

The transition array 3po3d -3p:>3d"l was fIrst analyzed 
by Goldsmith and Fraenkel [1970] from spectra obtained 
with a triggered spark source. Their estimated wave
length uncertainty of ±o.oos A was found to be an order 
of magnitude too small by Ramonas and Ryabtsev [1980] 
who remeasured the spectrum in the range of 
108 -184 A with a reported uncertainty of ±0.OO3 A. 
Their improved analysis of this array and newly discov
ered 4p 2po levels are quoted here. 

Alexander, E., Feldman, U .• and Fraenkel, B. S. [1965], J. Opt. Soc. 
Am. 55, 650. 

Even-Zohar, M., and Fraenkel, B. S. [1968], J. Opt. Soc. Am. 58, 1420. 
GoldSmith, S., and Fraenkel, B. S. [1970], Astrophys. J. 161, 317. 
Hoory, S., Goldsmith. S., and Fraenkel. B. S. [19701 Astrophys. J.16O. 

781. 
Levels of the 3ps3d4s configuration were found by 

Hoory et aL [1970]. They identified the transitions to the 
Ramonas, A. A., and Ryabtsev, A. N. [1980]. Opt. Spectrosc. (USSR) 

48,348. 

CuXI 

ConfIgUration Term J Level (em-I) Leading percentages 

3p63d 21) 3/2 0 
5/2 4060 

3p50pO)3d2(IG) 2Fo 7/2 5J,,6595 

3p 5(2pO)3d2(lD) 2Fo 7/2 559612 
5/2 581818 

3p5(2pO)3d~3F) 2Fo 5/2 669098 
7/2 680916 

Sp5(2pO)Sd2(sp) 2po l/z 7!J!J !Jl!J 
3/2 739173 

3p5(2pO)3d~3F) 21)0 5/2 7J,,0798 
3/2 7J,,1219 

3p64p 2p0 1/2 918J,,59 
3/2 925897 

3p64f 2Fo 5/2 1273200 
7/2 1273300 

3 53d(3p0)4s 2p0 3/2 1315 20 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 587 

Cu XI - Continued 

ConfIgUration Term J Level (em-I) Leading percentages 

3pSSd(BF°)4s 4Fo 7/2 1322170 
5/2 132J,.990 

3p53d(3F°)4s 2Fo 7/2 13316J,.0 
5/2 1339930 

3p53d(3D°)4s 4Do 7/2 1355740 
5/2 1360260 

3p 53d (IF°)4s 2Fo 7/2 1374750 

3p53d(3D°)4s 2Do 3/2 1377810 
5/2 1381830 

3p65f 2Fo 5/2 1586300 
7/2 1588400 

3p66f 2Fo 5/2 1757000 
7/2 1757000 

....................... .............. ....... ..................... 
Cu XU (ISo) Limit 2140000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 
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Cu XII 

Z=29 

Ar I isoelectronic sequence 

Ionization energy 2975000 ± 30000 cm- 1 (369 ± 4 eV) 

References Goldsmith and Fraenkel [1970] reported the 3p 6 

IS-3p s3d lpo resonance line at 139. 180±0.OO5 A from a 
spark discharge. It was later observed in a tokamak 
plasma by Sugar, Kaufman. and Rowan [1987] who gave 
the value 139.174±0.OO5 A and reported an interpolated 
value for the 3p 6 IS-3p s3d 3Di line of 
174.739±0.010 A. The results of Sugar et aL are quoted, 
including their calculation of the percentage composi
tions. 

Even-Zohar, M., and Fraenkel, B. S. [1968], J. Opt. Soc. Am. 58,1420. 
Goldsmith, S., and Fraenkel, B. S. [1970], Astrophys. J. 161, 317. 
Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 
Swartz, M., Kastner, S. 0., Goldsmith, L., and Neupert, W. M. [1976], 

J. Opt. Soc. Am. 66, 240. 
Sugar, J., Kaufman, V., and Rowan, W. L. [1987], J. Opt. Soc. Am. B 

4, 1927. 

Even-Zohar and Fraenkel [1968] added .. the 
3p61S0-3ps4s and 4d resonance lines with an uncer
tainty of ±O.Ol A. 

Swartz et al. [1975] give the transition array 
3ps3d _3p s4j, but these lines are not connected to the 
known lower levels. 

The value for the ionization energy was obtained by 
Lotz [1967] by isoelectronic extrapolation. 

CUxll 

ConfIgUration Term J Level (em-I) 

Sp6 IS 0 0 

Sp5Sd 3n° 1 572280 

Sp5Sd Ipo 1 718520 

Sp 5(2P312)4S1l2 (3/2,1/2)0 1 144.6600 

Sp 5(2Pit04S1l2 (1/2,1/0° 1 1 J,.73100 

Sp 5epsl2)4d5/2 e/2,5/0° 1 1775200 

Sp 5(2Pi/2)4d3/2 (1/2,3/0° 1 1802900 
....................... .. ... ......... ....... . ..................... 

Cu XIII (2PS/0 Limit 2915000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 

Leading percentages 

98 2 3po 

100 

or 3po 

or Ipo 

or 3n° 

or Ipo 



Z=29 

CI I isoelectronic sequence 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 

CUXIII 

Ionization energy 3 234000 ± 30 000 cm -1 (401 ± 4 e V) 

589 

The magnetic dipole (Ml) transition between the lev
els of the 2po ground term was observed in a tokamak 
plasma by Hinnov et al. [1982] at 3500.4±0.3 A. 

els have an uncertainty of 50 cm -1. I 
The value for the ionization energy was obtained by 

Lotz [1967] by isoelectronic extrapolation. , 

References 
Sugar and Kaufman [1986] reported several lines of 

the 3p s - 3p43d array observed in a laser-generated 
plasma. Following a study of the CI I isoelectronic se
quence, Kaufman, Sugar, and Rowan [1988] revised the 
analysis and gave the levels reported here. In a later revi
sion by Kaufman and Sugar [1989] the level3s23p4eP)3d 
2Pln was removed and an interpolated value was given. 
The ground term splitting Is obtained from the M 1 tran
sition with an uncertainty of ±2 cm -1. All the other lev-

Hinnov. E .• Suckewer. S .• Cohen. S .• and Sato. K. [1982], Phys. Rev. A 

Configuration Term J 

3s 23p 5 2pD 3/2 
1/2 

3823p4(ID)3d 28 1/2 

3823p4(3p)3d 2p 3/2 
1/2 

3823p4(3p)3d ~ 6/2 
3/2 

.. -.................... .............. ....... 
Cu XIV (3PV Limit 

25.2293. 
Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 
Sugar, J., and Kaufman, V. [19861 J. Opt. Soc. Am. B 3,704. 
Kaufman, V., and Sugar, J. [1989], private communication. 
Kaufman, V., Sugar, J., and Rowan, W. L. [1989], J. Opt. Soc. Am. B 

6, 1444. 

Cuxm 

Level (em-I) Leading percentages 

0 100 
28560 100 

663840 51 38 (3p) 2p 

690990 53 21 (ID) 2p 
[701500] 

699480 68 24 (lD)~ 

724 240 61 16 
.............. ....... 

3234000 

J. Phys. Chem. Ref. Data, Yol. 19, No.3, 1990 



590 

Z=29 

S I isoelectronic sequence 

J. SUGAR AND A. MUSGROVE 

CUXIV 

Ionization energy 3 508 ()()() ± 30 ()()() cm -1 (435 ± 4 e V) 

Two magnetic dipole lines, gtvmg the intervals 
3S23p43P2_3PI and 3PI_

1SO, were observed by Roberts 
et aL [1987] in a tokamak plasma at 4183.4±0.3 A and 
1190.4±0.5 A. respectively. The latter establishes the 
relative position of the singlet system. We include the 
predicted value for the 3po level from the calculation of 
Sugar and Kaufman [1984]. The uncertainty in this pre
diction is about ± 100 em -1. 

The value for the ionization energy was obtained by 
Lotz [1967] by isoelectronic extrapolation. 

Reference. 

An analysis of the configurations 3s3p' and 3s23p33d 
was given by Sugar and Kaufman [1986]. Revisions have 
been made by K.aufman, Sugar, and Rowan [1990] in a 
study of the isoelectronic sequence. We compiled the 
results of the latter work. 

Kaufman, v., SugAr, J., Q1ld Rowan, W. L. [1990], J. Opt. Soc. Am. D 
7, in press. 

Lotz, W. [19671 J. Opt. Soc. Am. 57, 873. 
Roberts, J. R., Pittman, T. L., Sugar, J., and Kaufman, V. [19871 Phys. 

Rev. A 3S, 2591. 
Sugar, J., and Kaufman, V. [19841 J. Opt. Soc. Am. B 1, 218. 
Sugar, J., and Kaufman, V. [1986], J. Opt. Soc. Am. B 3,704. 

CuXIV 

Configuration Term J Level (em-I) Leading percentages 

3s23p4 3p 2 0 92 8 In 

0 [28192] 88 12 IS 

1 28897 100 

as 23p 4 In 2 52540 92 8 lip 

3s28p4 IS 0 107902 88 12 3p 

888p 5 9pA 2 354510 lS2 13 3pll(~.)3d lip" 

3s8p 5 lpo 1 451850 57 34 3p 3(2no)3d lpo 

as~3p3(~O)8d 3po 2 648960 77 14 3s3p 53po 

as 23p3(4so)3d 3n° 3 6'14230 46 28 ~PO) 3n° 

2 6868'10 32 25 

3s23p 3(200)3d In° 2 '110 '100 55 18 (!PO) In° 

as 23p 3(200)3d lFo 3 '126 '1'10 62 32 (!PO) lFo 

3s23p 3(2p0)3d lpo 1 '163830 85 4 (4So) an° 

....................... .............. ....... . .................... 
Cu xv (483/2) Limit 3508000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



ENERCY LEVELS OF COPPER, CU I THROUCH CU XXIX 691 

Cuxv 

Z=29 

P I isoelectronic sequence 

Ionization energy 3 903 000 ± 40 000 cm -I (484 ± 5 e V) 

Two magnetic dipole lines, giving the intervals 
3s23p34Sj/2_2Dj/2 and 4Sj/2-2pj/2, were observed by 
Denne et aI. [1984] in a tokamak plasma at 2085.3±0.2 
and 944.6±0.2 A, respectively. The 2p~/2 energy is a cal
culated value by Sugar and Kaufman [1984]. 

Fawcett and Hayes [1975] classified two transitions be
tween 3s23p 3 and 3s23p 23d, the 2D;/2-ep) 2P7/2 and 
4Sj/2 - ep) 4p 5/2 lines. These were confirmed in a subse
Quent analysis of the spectrum of a laser-generated 
plasma by Sugar and Kaufman [1986]. The latter .authors 
reported an additional seven levels of 3s23p23d. Hutton 
et aI. [1987] used a beam-foil apparatus to reobserve this 
spectrum. They classified 9 lines of the 3p 'J-3p:13d array, 
revising the analysis of Sugar and Kaufman. Their re
sults are quoted here with levels based on improved 
wavelength measurements from the line list of Sugar and 
Kaufman. They also reported 3 lines arising from the 
3s3p 3 configuration. We found that they do not fit their 
isoelectronic sequences, and that one of them, at 296.6 A, 
is a second order line. 

The uncertainty of the levels of the ground configura
tion is ±20 cm-I, except for the predicted value for 
2P~/2' This value was obtained from the fitted calculation 
of the 3p 3 configuration. We estimate the uncertainty to 
be ± 100 cm -I. The uncertainty of the levels of 3s 3p4 is 
also about ±20 em-I, and that of 3s23p 23d is about 
±60cm- l . 

Configuration Term. J 

3823p 3 48° 3/2 

3823p 3 2{)0 3/2 
°/2 

3823p 3 2p0 1/2 
3/2 

3823p2(3p)3d 4p 5/2 
3/2 
1/'1. 

3823p~lD)3d 2D 3/2 
5/2 

3823p2(3p)3d 2F 7/2 

3823p2eD)3d 2p 3/2 

38 23p2(3p)3d 2{) 5h 
3/2 

....................... .. ... .... ..... ....... 
Cu XVI (3po) Limit 

The value for the ionization energy was obtained by 
Lotz [1967] by isoelectronic extrapolation. 

References 

Denne, B., Hinnov, E., Suckewer, S., and Timberlake, J. [1984], J. Opt. 
Soc. Am. B 1, 296. 

Fawcett, B. C., and Hayes, R. W. [1975], J. Opt. Soc. Am. 65, 623. 
Hutton, R., Jupen, C., Trabert, E., and Heckman, P. H. [1987], Nuel. 

Instrum. Metb. Pbys. Res. B 23,297. 
Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 
Sugar, J., and Kaufman, V. [1984], J. Opt. Soc. Am. B 1, 218. 
Sugar, J., and Kaufman, V. [1986], J. Opt. Soc. Am. B 3, 704. 

Cuxv 

Level (em-I) Leading percentages 

0 

47940 
57808 

[9110fIJ 
105962 

619652 
626264 
633300 

672380 
675651 

704207 

703573 

735114 
735900 

...... ... .... ........ 
3903000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



592 J. SUGAR AND A. MUSGROVE 

CUXVI 

Z=29 

Si I isoelectronic sequence 

Ionization energy 4 194000 ± 40 000 cm -I (520 ± 5 e V) 

All the levels of the 3s23p2 ground configuration are 
determined from magnetic dipole lines in tokamak plas
mas. The transitions 3PO-3Ph 3P2-ID2, and 3PI_ ISO 
were observed by Denne et al. [1983] and the 3p 1- ID2 
transition was observed by Hinnov [1985] and Roberts et 
aL [1987]. The 3P2-ID2line was tentatively identified at 
2539.7 A. Dada et al. [1989] have revised this to a line 
they observed at 2!544.1::t:O.!5 A. 

The 5S; level of the 3s 3p 3 configuration was deter
mined by Trabert et aL [1987] from beam-foil observa
tions of transitions to the ground term. The remaining 
levels of 3s3p 3 and those of 3s23p3d were derived by 
Sugar and Kaufman [1986] from spectra of a laser
generated plasma. Improved wavelengths and new level 
values were given by Sugar, Kaufman and Rowan [1990] 
and are used here. The uncertainty of these level values 
is ±25 cm-I. The percentage compositions are from 
their calculations which included configuration interac
tion between 3s3p 3 and 3s23p3d. 

Both Kastner et al. [1978] and Khan [1978] investi
gated n = 3 -4 transitions, identifying transitions 
3p2-3p4d and 3p3d -3p4f. Khan also reported several 

lines of 3p 2_3p4s. These data provided the levels given 
here (some questionable ones were omitted) with an un
certainty of ±5000 cm -I. 

The value for the ionization energy was obtained by 
Lotz [1967] by isoelectronic extrapolation. 

References 

Dada, R. U., Roberts, J. R., Woodward, N., Lippman, S., and Rowan, 
W. L. [1989], Phys. Rev. A. 

Denne, B., Hinnov, E., Suckewer, S., and Cohen, S. [1983], Phys. Rev. 
A 28,206. 

Hinnov, E. [1985], private communication. 
Kastner, S. 0., Swartz, M., Bhatia, A. K., and Lapides, J. [1978], J. 

Opt. Soc. Am. 68, 1558. 
Khan, M. A. [1978], Opt. Commun. 27, 242. 
Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 
Roberts, J., Pittman, T. L., Sugar, J., Kaufman, V., and Rowan, W. L. 

[1987], Phys. Rev. A 35, 2591. 
Sugar, J., and Kaufman, V. [1986], J. Opt. Soc. Am. B 3, 704. 
Sugar, J., Kaufman, V., and Rowan, W. L. [1990], J. Opt. Soc. Am. B 

7,152. 
Trabert, E., Hutton, R., and Martinson, I. [1987], Z. Phys. D 5, 125.' 

CuXVI 

ConiIguration Term J Level (em-I) Leading percentages 

0 0.0 94 6 IS 
1 18596.7 100 
2 32747 82 18 In 

2 72085 82 18 3p 

0 128550 94 6 3p 

2 276430 98 2 3po 

1 361244 84 8 8s2SpSd 3Do 

2 361409 82 10 8SSp33po 
S 368135 92 8 Ss2SpSd 3Do 

1 415510 85 7 382SpSd 3po 
2 417574 74 9 38Sp33Do 

1 510832 72 24 Ipo 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



ENERGY LEVELS OF COPPER~ CU I THROUGH CU XXIX 603 

Cu XVI - Continued 

Configuration Term J Level (em-I) Leading percentages 

3sSps lpo 1 547354 62 26 Sso 

3s2SpSd spo 2 591646 49 20 3s 2SpSd In° 
0 617805 93 7 3sSpS spo 

1 622812 51 40 3s2SpSd sn° 

3s2SpSd sn° 1 602319 49 40 3s23p3d spo 
3 624887 89 8 3s3p S SO° 
2 626942 57 30 3s23pSd Spo 

3s23p3d 2 613709 39 In° 22 Sn° 

3s23p3d IFo 3 680949 97 2 sn° 

3s23p3d lpo 1 698524 85 12 3s3p S lpo 

3s23p4s spo 2 1930000 

3s2Sp4s Ipo 1 1940000 

3s23p4d sn° 1 2241000? 
2 2242000 
3 2244 000 

3s23p4d sFo 3 2271000 

3s23p4d IFo 3 2282000 

3s23p4d lpo 1 2302000 

3s23p4f sG 4 2370000 
5 2397000 

....................... ......... ..... ....... ... ..... ............. 
Cu xvn (2Pi/2) Limit 4194000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



Sg4 

Z=29 

Al I isoelectronic sequence 

J. SUGAR AND A. MUSGROVE 

Cu XVII 

Ionization energy 4493000 ± 48 000 cm- I (557 ± 6 eV) 

The ground 2po term interval was obtained from the 
magnetic dipole transition observed in a tokamak plasma 
at 3007.6±O.3 A by Hinnov et al. [1982]. 

The 4p term of 3s3p2 was given by Trabert, 
Heckmann, Hutton, and Martinson [1988], who used 
beam-foil excitation to observe the transitions 3s23p 
2po -3s3p2 4p. Sugar, Kaufman, and Rowan [1988] re
ported the multiplet 3s3p2 4P_3p 3 45°. We used the data 
of Trabert et al to derive the 4p 5/2 level and the more 
accurate data of Sugar, Kaufman, and Rowan to deter
mine the 4p intervals. The latter authurs alsu gave the 
rest of the levels of 3s3p2 and the 3s23d 2D term. We use 
the levels derived by them from smoothed wavelengths 
for the isoelectronic sequence. The level uncertainty is 
± 50 cm -I. The percentage compositions were calcu
lated by them with configuration interaction between 
3s3p2 and 3s23d. 

Khan [1978] obtained n =3-4 transitions in the range 
of 42-51 A with an accuracy of ±0.02 A by means of a 
laser-generated plasma. The level uncertainty is 
±l000cm- l . 

The value for the ionization energy was obtained by 
Lotz [1967] by isoelectronic extrapolation. 
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Cuxvn 

Configuration Term J Level (cm-1
) Leading percentages 

3s 23p 2po 1/2 0 100 
312 33239 100 

3s3p2 4p 1/2 277231 98 2 28 
3/2 291810 99 1 21) 
5/2 307708 95 4 2D 

3s3p2 2D 3/2 372236 86 12 3s23d 21) 
5h 377783 84 11 

3s3p2 28 1/2 444759 60 38 2p 

383p2 2p 1/2 480016 62 38 28 
3/2 490467 98 1 21) 

3823d 2D 312 574180 86 12 3s3p22D 
5/2 578243 88 12 

3 3 480 3/2 725320 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX S9S 

Cu xvn - Continued 

Configuration Term J Level (em-I) Leading percentages 

3s 3p 3d 4n° 7/2 856700 
5/2 861200 

3s 3p 3d 2Do 5/2 876780 

3s24s 2S 1/2 2026000 

3s3p4s 4po 3/2 2312000 
5/2 2337000 

3s3p4s 2p0 3/2 2332000 

3s24cl 2D 3/2 2336000 
5/2 2342000 

&241 2Fo 7/2 !J~?,~ 000 
5/2 2476000 

....................... ....... ....... ....... ..................... 
Cu xvm (ISo) Limit 4493000 
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596 J. SUGAR AND A. MUSGROVE 

Cu XVIII 

Z=29 

Mg I isoelectronic sequence 

Ionization energy 5 105000 ± 48000 cm- I (633 ± 6 eV) 

Fawcett and Hayes [1975] classified five lin~ of this 
spectrum, including the 3s2 1So-3s3p Ipi resonance line. 
The configurations 3s3p, 3p2, and 3p3d were completed 
by Sugar and Kaufman in a series of papers [1986a, 
1986b, 1987]. The level uncertainty is ± 50 cm -I. In the 
last paper they caution that the wavelengths in the rJIst 
two papers should be lowered by 0.02 A. The level inter
val 3s 3p 3Pi - 3Pi was observed directly with the mag
netic dipole line at 3941.6±0.3 A by Denne et aL [1983l 
The percentage compositions pf the levels were given by 
Litzen and Redfors [1987] with configuration interaction 
within the 3s2, 3s3d. and 3p2 even and the 393p and 3p3d 
odd configurations. 

The 3F .. and 10 .. levels of the 3d2 configuration were 
found by Redfors [1988] in an isoelectronic study of the 
spectra calcium through zinc. Sugar et aL [1989] identi
fied the 3P3 and 3P2 levels of 3d2

• 

With a high voltage spark Feldman et aL [1971] pro
duced and identified the transition arrays 3s3d -3s4fand 
5/, 3s3p -3s49, 3s3p -3s4d and 3s5d, and the resonance 
line 3s2 ISo-394p IPi. These wavelengths fall in the 
range of 30-49 A and are measured with an accuracy of 
±0.01 A. Using a similar light source Kastner et al. 
[1978] found the 3p3d -3p4f array occ1lITina at 
49 - 51 A. We assume the same wavelength accuracy of 

±0.01 A from the author's general remarks. The level 
uncertainty for these two groups of levels is ±600 cm- 1 

and ±400cm-1
• 

Swartz et aL [1971] identified the resonance transition 
from the 2ps3s23d IPi autoionizing level at 11.774 A. 

The value for the ionization energy was obtained by 
Lotz [1967] by isoelectronic extrapolation. 
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Cuxvm 

ConfIgUration Term J Level (cm-l) Leading percentages 

8s 2 IS 0 0 97 2 8p2 IS 

8s8p Spo 0 279816 100 

1 289,401 98 1 lpo 
2 31,4 753 100 

8s8p lpo 1 .1,;26987 96 3 8p8d Ipo 

8p2 Sp 0 664977 94 6 IS 
1 684689 100 
2 715608 78 16 In 

3p2 ID 2 679710 64 22 lip 

8p2 IS 0 804139 90 6 Sp 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 597 

Cu XVTII - Continued 

Configuration Term J Level (cm-I) Leading percentages 

3s3d 3n 1 818630 100 
2 820704 100 

3 823970 100 

3s3d ID 2 917020 81 19 3p2ID 

3p3d 3Fo 2 1118029 84 15 IDo 
\ a 1135602 97 2 3Do 

4 11568.41 100 

3p3d IDo 2 11.49319 76 14 3Fo 

3p3d 3Do 1 1183 fJ5fJ 76 21 apo 

2 1187907 49 41 apo 

3 12055.42 96 3 aFo 

3p3d ape 0 1208022 100 

1 1208326 77 22 3Do 

2 120910.4 51 47 aDo 

3p3d IFo 3 128.4.495 98 1 3Do 

ap3d Ipo 1 1298970 95 3 as3p Ipo 

3d2 3F 2 1653727 99 

a 1657191 100 

4 1661315 100 

3d2 IG 4 1701113 100 

3s4s 3S 1 2416400 

3s4p Ipo 1 2572300 

3s4d 3D 1 2742100 
2 2743500 
3 2745800 

3811 3Fo 2 2840800 
3 28.41300 
4 28.41800 

3p4f 3G 3 3122600 
4 3176000 
5 3202500 

3p4f IF a 3173800 

3p4f 3F 3 3178500 
4. 3202900 

3p4f 3D 3 3193400 
2 3217600 
1 3222900 

3s5d 3D 1 3611 000 
2 3611200 
3 3612400 
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598 J. SUGAR AND A. MUSGROVE 

Cu XVIll - Continued 

Configuration Term J Level (em-I) Leading percentages 

3s5! 3Fo 2 3656500 
3 3657100 
4 3657300 

..... ..... ............. .. .... ........ ....... . .................... 
eu XIX e8110 Limit 5105000 

2p53s23d Ipo 1 8493000 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 

CUXIX 

599 

Z=29 

Na I isoelectronic sequence 

Ionization energy 5408660 ± 250 cm- 1 (670.588 ± 0.003 eV) 

The 3d -4/ doublet was first given by Edlen [1936]. 
Several more doublets were reported by Feldman, 
Cohen, and Swartz [1967] and considerably extended by 
Feldman et al. [1971]. New measurements were given by 
Kononov, Ryabtsev, and Churilov [1979] who improved 
the accuracy of the n = 3 - 3 transitions and added the 
4p - 5d, 4d - 5/, and 4/-5g doublets. We use their mea
surements to determine all levels for n > 3 except for 6p, 
7d, 8d, 4/, and 7/, which were given only by Feldman et 
al. [1971]. Reader et aL [1987] derived least-squares 
adjusted wavelengths for the 3s - 3p, 3p - 3d, and 
3d -4/multiplets along the Na I isoelectronic sequence. 
We use their values to fmd the 3s, 3p, 3d, and 4/ levels. 
Uncertainties in the level values are as follows: for n =3 
±15 em-I, for n =4 ±300 em-I, for n =5 ±1000 em-I, 
and for n =6-8 ±2000 em-I. 

A line at 13.11 A classified as the transition from the 
autoionizing level 2p'3s'J. ZPj/2 to the ground state was 
reported by Feldman and Cohen [1967] with an uncer
tainty of ±6000 em-I. Jupen et al. [1988] observed a line 
at 210.70±0.05 A in a beam foil experiment, which they 

classified as the transition 2p 53s3p 4D;/2-2p53s3d 2F912 
from experimental and theoretical isoelectronic studies. 
We have neither of these levels from which to derive the 
other. 

The value for the ionization energy was derived by 
Kononov et al. from core-polarization theory applied to 
the 5g term. 
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CUXIX 

Configuration Term. J Level (em-I) Leading percentages 

as 28 1/2 0 

8p 2po 1/2 329436 
3/2 365826 

8d 2D 3/2 811791 
5/2 817560 

4s 28 1/2 2535440 

4p 2po 1/2 2667490 
3/2 2681600 

4d 2D 3/2 2847000 
5/2 2849500 

4f 2Fo 5/2 2924400 
7/2 2925 00 
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600 J. SUGAR AND A. MUSGROVE 

Cu XIX - Continued 

ConfIgUration Term J Level (em-I) Leading percentages 

5p 2po 112 3693400 
3/2 3699300 

5d 2I) 3/2 3779300 
5/2 3780600 

5f ~o 5/2 3818100 
7/2 3818700 

5g 2Q 7/2 3823100 
9/2 3823400 

6p 2p0 1/2 .4233500 
3/2 4237500 

6d 21) 3/2 4282500 
5/2 4288400 

6f ~o 5/2 4304500 
7/2 4305000 

7d 21) 3/2 4584200 
5/2 4584500 

7f ~o 5/2 4597400 
7/2 4598000 

8d 2I) 3/2 4778800 
5/2 4778800 

•••••••••• CI •••••••••••• .............. ....... .. .................... 
Cu XX (ISo) Limit 5408660 

2p5382 2p0 3/2 7628000 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 601 

Cuxx 

Z=29 

Ne I isoelectronic sequence 

Ionization energy 13 630 000 ± 140 000 cm -I (1697 ± 17 e V) 

The resonance transitions from the 2s22ps3s, 2s22ps3d, 
and 2s2p 63p configurations were identified in a spark dis
charge by Feldman, Cohen, and Swartz [1967]. Feldman 
and Cohen [1967] reported the two resonance lines from 
2s22ps4d. Swartz et aL added the resonance lines from 
2s22ps4s, 5d, and 6d. All these resonance lines were 
given with improved accuracy of ±0.OO3 A. by Boiko, 
Faenov, and Pikuz [1978]. 

New observations of this sequence from Fe to Br were 
published by Gordon, Hobby, and Peacock [1980]. Their 
wavelengths for Cu in the range of 8 to 13 A agree 
within a few thousandths A. with those of Boiko et aL 
Their calculations show that the transition 
2s22p 6_2s22p sfPi/2)4s given previously as 9.423 A. 
should be replaced with the line 9.375 A.. They have 
given additional resonance lines arising from the levels 
2s22ps4d (3h,3h)i, and 2s2p 64p (lh,lh)i, and (lh,3h)i. 
We use an average of the wavelengths from the two sets 
of measurements. 

The wavelengths and analysis of the 2p 53s - 2p53p and 
2ps3p -2p53d arrays were given by Buchet et al. [1987]. 

They observed these data in the range of 215 - 380 A 
with beam-foil excitation, and reported a wavelength un
certainty of ±0.05 A for the strong, well-resolved lines 
and ±O.1 A for the remaining lines. Their level values 
are given relative to the lowest 2ps3s J = 1 level as refer
ence. 

The value for the ionization energy was derived by 
Lotz [1967] by extrapolation. 
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Cuxx 

ConfIgUration Term J Level (em-I) Leading percentages 

2s22p 6 IS 0 0 

2s22p53s (3/2,1/2lo 2 7777270 
1 '1'195850 

2s22p53s e/2,1/0° 0 794,3950 
1 7955050 

2s22p53p (3/2,1/0 1 8070680 
2 8098270 

2s22p53p (3/2,3/0 3 8125590 
1 8133410 
2 8153580 

2s22p53p (1/2,1/0 1 8259280 
0 8406900 
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602 J. SUGAR AND A. MUSGROVE 

Cu xx - Continued 

Configuration Term J Level (cm-I ) Leading percentages 

2s22p53p e12,3/v 1 8301150 
2 8306290 

2s22p53d (3/2,3/2)0 0 8509560 
1 8520820 
3 8545040 
2 8562820 

2s22p53d (3/2,5/0° 4 8540100 
2 8540750 
3 8 574510 
1 8626510 

2s22p53d (l/2,3/vo 2 8711110 

2s22p53d (1/2,5/it 2 8 'lfJOJ,OO 
3 8727220 

2s2p63p (1/2,1/vo 1 9387000 

2s2p63p (1/2,3/0° 1 9436000 

2s22p54s (3/2,1/0° 1 10504000 

2s22p54s el2,l/vo 1 10667000 

2s22p54d (3/2,3/0° 1 10783000 

2s22p54d (3/2,5/vo 1 10828000 

2s22p54d (1/2,3/0° 1 10984000 

2s22p55d (3/2,5/0° 1 11840000 

2s2p64p (1/2,1/0° 1 11905000 

2s2p64p (1/2,3/0° 1 11926000 

2s22p55d (1/2,3/vo 1 12002000 

2s22p56d (3/2,5/vo 1 12389000 

2s22p56d (1/2,3/0° 1 12544000 
................ ... ..... ......... ..... .. ..... ..................... 

eu XXI (2p~/z) Limit 13630000 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 

CUXXI 

603 

Z=29 

F I isoelectronic sequence 

Ionization energy 14 SSO 000 ± ISO 000 cm- 1 (1804 ± 18 eV) 

The splitting of the 2po ground term was determined 
by Kononov et al [1977] with their identification of the 
doublet 2s22p s 2po -2s2p 6 2S at 78.388(10) A. and 
90.353(10) A in a laser-produoed plasma. We use the 
more accurate value obtained from the measurement by 
Hinnov et al [1982] of the magnetic dipole transition 
2s22p' 2P312-2Pj12 at S92.3±0.3 A observed in a tokamak 
discharge. 

The 2p'-2p43s and 3d arrays were observed by Boiko 
et al. [1979], by Gordon et al. [1980], and by Hutcheon et 
al [1980a] in the range of 10.8 A to 12.2 A using laser
produced plasmas. The reported wavelengths were in 
close agreement. We therefore use average values and 
estimate an uncertainty of ±O.OO3 A. Gordon et aI. also 
give the 2s22p' - 2s2ps3p array in the range of 9.9 to 
10.4 A. 

Buchet-Poulizac and Buchet [1988], using beam-foil 
excitation, have identified the 2p43s-2p43p and 
2p43p -2p43d transitions in the range of 168.82±0.S A to 
346.2S ±O.S A.. Those transitions involving known levels 
are used to determine the 2p43p levels and the two J = 7 h 
levels of 2p43d. 

The 2p'-2p44s,4d arrays were observed by 
Hutcheon etal [1980b] and by Gordeon etal at -8.S A.. 

They are mostly blends and are not suitable for deriving 
energy levels. 

The percentage compositions of the even levels were 
given by Chapman and Shadmi [1973]. 

The value for the ionization energy was derived by 
Lotz [1967] by isoelectronic extrapolation. 
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CuXXI 

Configuration Term J Level (em-I) Leading percentages 

2s22p 5 2po 3/2 0 
1/2 168830 

2s2p6 2S 1/2 1275760 97 

2s22p4(SP)& 4p 5/2 8206000 87 
1/2 8818000 62 29 (IS) 2S 
3/2 8368000 74 24 (3p) 2p 

2s 22p 4(3p)& 2p 3/2 8286000 60 24 (3p) 4p 

1/2 8888000 78 

2s22p4(ID)& 21) 5/2 8452000 87 
3/2 8458000 82 

2s2~4(3p)3p 4DO 7/2 R lj.6 7 (){)() 
3/2 8619000 
5/2 8670000 
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604 J. SUGAR AND A. MUSGROVE 

Cu XXI - Continued 

ConfIgUration Term J Level (em-I) Leading percentages 

2s22p4(3p)3p 2Do 5/2 8566000 

2s22p4(3p)3p 4po 1/2 8664000 

2s 22p 4(18)38 2g 1/2 8690000 64 19 (ap) 4p 

2s22p4(ID)3p 2Fo 5/2 8747000 
7/2 8779000 

2s22p4(ID)3p 2])0 5/2 8810000 

2s22p4(3p)3d 2F 7/2 8945000 58 22 (3p) 4F 

2s22p4(3p)3d 4p 1/2 8959000 55 23 (3p) 2p 
3/2 8979000 41 28 (3p) 2J) 

2s22p4(3p)3d 5/2 8998000 39 2F 32 (3p) 2J) 

2s22p4(3p)3d 4F 5/2 9007000 52 22 (18)2]) 
'1/'1. 9066000 3Z zz (Rp) 2p 

2s22p4(3p)3d 4D 1/2 9078000 57 20 (3p) 2p 
3/2 9079000 55 18 (3p) 4p 

2s22p4(Sp)3d 2p 3/2 9108000 42 20 (ID) 2p 

2s22p4(3P)3d 5/2 9114000 27 (3p) 2]) 26 (3p) 2F 

2s22p4(lD)3d 2Q 7/2 9154 000 79 

2s22p4(ID)3d 28 1/2 9180000 74 14 (3p) 4p 

2s22p4(ID)3d 2F 7/2 9195000 62 26 (ap) 4D 

2s22p~ID)3d 2p 3/2 9206000 58 13 (3p) 2p 
1/2 9258000 52 32 

2s22p4(ID)3d 2]) 5/2 9209000 36 18 (3p) 2]) 
3/2 9248000 50 19 

2s22p~18)3d 2]) 3/2 9428000 25 18 (3p) 2]) 

2s2p 5(3po)3p 4D 5/2 9658000 
3/2 9694000 

2s2p O(3p-)3p 2I) °/2 9717000 
3/2 9872000 

2s2p 5(3po)3p 2p 3/2 9747000 
1/2 9771000 

2s2p 5(3po)3p 4p 3/2 9792000 
5/2 98010001 

2s 2p 5(3po)3p 28 1/2 98940001 

2s2p~lpo)3p 2]) 3/2 10049000 
512 10089000 

J. Phys. Chem. Ref. Data, Yol. 19, No.3, 1990 



ENERGY LEVELS OF COPPER7 CU I THROUGH CU XXIX 606 

Cu XXI - Continued 

Configuration Term J Level (em-I) Leading percentages 

2s2p5epO)3p 2p 1/2 10095000 
3/2 10112000 

....................... .......... .... . ...... ........ ........ ..... 
eu XXII (3P2) Limit 14550000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



606 J. SUGAR AND A. MUSGROVE 

Cu XXII 

Z=29 

o I isoelectronic sequence 

Ionization energy 15450000 ± 150000 cm- 1 (1916 ± 19 eV) 

References Two magnetic dipole lines within the ground configu
ration, the 3PZ- 3Pl at 657.7±0.3 A and the 3PZ-

IDz at 
420.0±0.3 A, were observed in a tokamak discharge by 
Hinnov et 01. [1982]' 

Behring, W. E., Seely, J. F., Goldsmith, S., Cohen, L., Richardson, M. 
C., and Feldman, U. [1985], J. Opt. Soc. Am. B 2,886. 

The transition array 2s22p 4 
- 2s 2p S was first given by 

Kononov et al. [1977], and was extended by Behring et 
al. [1985]. The 2s2p s Ipr _2p6 ISo line was first given by 
Peregudov et aL [1978]. Additional lines were found by 
Ekberg et al. [1987] who reobserved the spectrum in the 
range of 65 - 115 A with a wavelength uncertainty of 
±O.OI5 A. The energy levels are quoted from Ekberg et 
aL with their uncertainty of ±200 em-I. 

Ekberg, J. 0., Seely, J. F., Brown, C. M., Feldman, U., Richardson, M. 
C., and Behring, W. E. [19871 J. Opt. Soc. Am. B 4, 420. 

Gordon, H., Hobby, M. G., and Peacock, N. J. [1980], J. Phys. B 13, 
1985. 

Hinnov, E., Suckewer, S., Cohen, S., and Sato, K. [1982], Phys. Rev. A 
25,2293. 

Kononov, E. Ya., Kovalev, V. I., Ryabtsev, A. N., and Churilov, S. S. 
[1977], Sov. J. Quantum Electron. 7, 111. 

Lotz, w. L1967], J. Opt. Soc. Am. 57, 873. 
Peregudov, G. V., Ragozine, E. N., Skobelev, I. Yu., Vinogradov, A. 

Observations of the 2p 4_2p33d, 4s, 4d arrays were 
given by Gordon et aL [1980] in the range of 8 -12 A. 
Their data do not appear to be sufficiently resolved for 
reliable analysis. 

V., and Yukov, E. A. [1978], J. Phys. D 11, 2305. 

The value for the ionization energy was derived by 
Lotz [1967] by isoelectronic extrapolation. 

Cuxxn 

ConfIgUration Term J Level (em-I) 

2s22p4 3p 2 0 
0 101620 
1 151990 

2s22p4 ID 2 287950 

2s22p4 IS 0 456290 

2s2p 5 3po 2 1107710 
1 1202170 
0 1283280 

2s2p 5 Ipo 1 1528080 

2p 6 IS 0 2546610 
0 •••••••••••••••••••••• ... ..... ...... ....... . .................... 

Cu xxm (483/0 Limit 15450000 
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Leading percentages 



Z=29 

N I isoelectronic sequence 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 

Cu XXIII 

Ionization energy 16 620 000 ± 160 000 cm -1 (2060 ± 20 e V) 

607 

Three M 1 transitions within the ground configuration 
have been observed. They are the 4Sj/2_20j/2,s/2lines at 
434.8±0.3 A and 585.0±0.3 A by Hinnov et al. [1982] 
and the 2D3/2-2DS/2 line at 1691.0'±O.3 A by HiullOV 
[1985]. 

The value for the ionization energy was derived by 
Lotz [1967] by isoelectronic extrapolation. 

References 
Transitions of the 2s - 2p type were observed and clas

sified by Kononov et al. [1977] and Behring et al. [1985] 
using laser-produced plasmas. A more complete excita
tion of these arrays was produced by Ekberg et al. 
[1987], who found all the levels of the 2s22p 3, 2s2p\ and 
2p s. We use the Ml lines of Hinnov et al. [1982] and 
Hinnov [1985] to derive the levels of 3p 3 200

• The re
maining levels are derived from the wavelengths of Ek
berg et al. 

Behring, W. E., Seely, J. F., Goldsmith, S., Cohen, L.. Richardson, M. 
C., and Feldman. U. [198'], J. Opt. Soc. Am. ::e l, 886. 

Ekberg, J. 0 .• Seely, J. F .• Brown, C. M., Feldman, U., Richardson, M. 
C., and Behring, W. E. [1987], J. Opt. Soc. Am. B 4, 420. 

Hinnov, E. [1985], private communication. 
Hinnov, 13., Suckewer, S., Cohen, S., and Sato, K. [1982], Phy:;. R.ev. A 

25,2293. 
Kononov, E. Ya., Kovalev, V. I., Ryabtsev, A. N., and Churilov, S. S. 

[1977], SOY. J. Quantum Electron. 7, 111. 
Lotz, W. [1967], J. Opt. Soc. Am 57. 873. 

Cuxxm 

Configuration Term J Level (cm-I ) Leading percentages 

2s22p 3 480 3/2 0 

2s22p 3 2nD 3/2 170940 
5/2 230080 

2s22p 3 2po 1/2 327880 
3/2 41,.8880 

2s2p 4 4p 5/2 900820 
3/2 1011650 
1/2 1086480 

2s2p 4 2n 3/2 1249860 
5/2 1288950 

2s2p 4 28 1/2 1427030 

2s2p 4 2p 3/2 1485390 
1/2 1646760 

2p 5 2po 3/2 2318970 
1/2 2493080 

....................... ....... ....... . ...... . .................... 
Cu XXIV (3po) Limit 16620000 
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Cu XXIV 

Z=29 

C I isoelectronic sequence 

Ionization energy 17 600 000 ± 180 000 cm -I (2182 ± 22 e V) 

Two M 1 lines observed in a tokamak plasma deter
mine the ground configuration levels, except for ISo. The 
transitions 3PO_3PI and 3PI-3P2 were reported by 
Hinnov ~t al [1982] at 756.9±O.3 .A and 1776.0±0.3 .A7 

respectively. The same authors measured two more Ml 
lines that determine the position of the 102 level, the 
transitions 3PI-102 and 3p2_ 10 z at 414.1(3) A and 
540.3(3), respectively. 

The ionization energy was derived by Lotz [1967] by 
isoelectronic extrapolation. 

References 

Ekberg, J. 0., Seely, J. F., Brown, C. M., Feldman, u., Richardson, M. 
C., and Behring, W. :E. [1987], J. Opt. Soc. Am. B 4, 420. 

Ekberg et al. [1987] determined all but one level, 
2p410 2' of the n =2 complex from the spectrum of a 
laser-generated plasma. 

Hinnov, E., Suckewer, S., Cohen, S., and Sato, K. [1982], Phys. Rev. A 
25,2293. 

Lotz. W. [1967]. J. Opt. Soc. Am. 57, 873. 

Cu XXIV 

Configuration Term J Level (cm-I) Leading percentages 

2s22p2 3p 0 0 
1 132120 
2 188430 

2s22p2 In 2 373620 

2s22p2 IS 0 519650 

2s2p 3 3n° 1 958850 
2 968440 
3 1018700 

2s2p 3 3po 0 1147900 
1 1164700 
2 1196100 

2s2p 3 3So 1 1995700 

2s2p 3 In° 2 1404900 

2s2p 3 Ipo 1 1573500 

2p4 3p 2 1983000 
0 2107500 
1 2141600 

2p4 IS 0 2518200 
........................... ......... ........ ...... .. . .................... 

Cu xxv (2Pi/0 Limit 17600000 
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Z=29 

B I isoelectronic sequence 

ENERQV LEVELS OF COPPER, CU I THROUQH CU XXIX 

CUXXV 

Ionization energy 18 620 000 ± 180 000 cm -1 (2308 ± 22 e V) 

References 

Edlen, B. [1983], Phys. Scr. 28, 483. 

609 

The ground term 2po splitting was determined with 
the Ml line at S22.8±0.3 A classified by Hinnov et al 
[1982]. 

Ekberg et 01. [1987] observed the 2s2p 2 4P_2p 3 4so 
Ekberg, J. 0., Seely, J. F., Brown, C. M., Feldman, U., Richardson, M. 

mUltiplet. With Edlen's [1983] estimate of the position of 
2p 34So we give levels of both terms with "+x" equal to 
the systematic error. 

C., and Behring, W. E. [1987], J. Opt. Soc. Am. B 4,420. 
Hinnov, E., Suckewer, S., Cohen, S., and Sato, K. [1982], Phys. Rev. A 

25,2293. 
Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 

The ionization energy was derived by Lotz [1967] by 
isoelectronic extrapolation. 

Cuxxv 

Configuration Term J Level (cm-1) Leading percentages 

2s22p 2p0 1/2 0 
3/2 191280 

2s2p 2 4p 1/2 485730+x 
3/2 584920+x 
5/2 662770+x 

2p 3 4S· 3/2 1513780+x 
....................... .............. . ...... . .................... 

Cu XXVI (180) Limit 18620000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 
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Cu XXVI 

Z=29 

Be I isoelectronic sequence 

Ionization energy 19986000 ± 200 000 cm- I (2478 ± 24 eV) 

Buchet et al. [1985] classified ten lines in the range of 
111- 173 A. These are sufficient to derive all the levels 
of2s2p and 2p2 with an uncertainty of ±1000 em-I. The 
2s2 ISo-2s2p 3p~ intersystem resonance line was ob

served at 227.80±0.IS A by Denne and Hinnov [1987]. 

The ionization energy was derived by Lotz [1967] by 
isoelectronic extrapolation. 

References Spectra in the range of 8.5 to 9.7 A were observed by 
Boiko et aL [1978] and Brown et al. [1987], the latter 
including additional lines at 27 A and the 
2s2 ISo-2s2p IPi resonance line at 111.071 A. All levels 
with n;>3 are derived from the data of Brown et al. com
bined with the levels of Buchc:::t et ul. The uncertainty of 
the levels with n > 3 is ± 8000 em -I. The wavelengths of 
Brown et aL were assigned an uncertainty of 0.005 A for 
wavelengths below 12 A and ±0.010 A for those above. 

Boiko, V. A., Faenov, A. Ya., and Pikuz, S. A. [1978], J. Quant. Spec
trosc. Radial. Transfer 19, 11. 

Brown, C. M., Ekberg, J. 0., Feldman, U., Seely, J. F., Richardson, M. 
C., Marshall, F. J., and Behring, W. E. [1987], J. Opt. Soc. Am. B 4, 
:533. 

Buchet, J. P., Buchet-Poulizac, M. C., Denis, A., Desesquelles, J., 
Druetta, M., Grandin, J. P., Husson, X., Leder, D., and Beyer, H. 
F. [1985], Nucl. Instrum. Meth. Phys. Res. B 9,645. 

New measurements of the resonance lines from 2s2p 
3Pi and Ipi were obtained by Hinnov at 227.808±0.01 A 
and 111.186±0.01 A and quoted by Denne et al. [1989]. 
The 2s2p 3Pi- 3Pi interval was observed with the Ml 
transition at 648.0±0.2 A by Hinnov et al. [1982]. 

Denne, B., and Hinnov, E. [1987], Phys. Scr. 35, 811. 
Denne, B., Magyar, G., and Jacquinot, J. [1989], Phys. Rev. A 40, 

3702. 
Hinnov, E., Suckewer, S., Cohen, S., and Sato, K. [1982], Phys. Rev. A 

25,2293. 
Lotz, W. [1967], J. Opt. Soc. Am. 57, 873. 

Cu XXVI 

Configuration Term J Level (em-I) Leading percentages 

2s2 IS 0 0 

2s2p 3po 0 393900 
1 438970 
2 593290 

2s2p Ipo 1 899390 

2p2 3p 0 1095600 
1 1223400 
2 1279600 

2p2 In 2 1477200 

2p2 IS 0 1716100 

2s3s IS 0 11439000 

2s3p Ipo 1 11546000 

2s3d 3n 1 11663000 
2 11669000 
3 11672000 

J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 



ENERGY LEVELS OF COPPER. CU I THROUGH CU XXIX 811 

Cu XXVI - Continued 

Configuration Term J Level (em-I) Leading percentages 

2s3d ID 2 11777000 

2p3s Ipo 1 11977000 

2p3p lp 1 12049000 

2p3d 3po 2 12144000 
1 12372000 

2p3d 3Do 2 12154000 
1 12175000 
3 12339000 

2p3d 3F 3 12156000 

2p3p 3p 2 12197000 

2s3s 3S 1 12278000 

2p3p ID 2 12293000 

2p3d IFo 3 12428000 

2p3d Ipo 1 12441000 

2s4f 3Fo 4 15351000 

2p4f 3Go 4 15806000 

....................... .............. ....... . .................... 
Cu XXVII (2Sll2l Limit 19986000 

J. PhYL Chem. Ref • .,..., Vol. 11, No. 3, 1110 
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Cu XXVII 

Z=29 

Li I isoelectronic sequence 

Ionization energy 20870000 ± 10000 cm- I (2587.5 ± 1.2 eV) 

Knize et al. [1987] measured the 2s -2p doublet in a 
tokamak plasma, and obtained the wavelengths 
224.770±0.OO8.A and 153.508±0.005.A, giving a level 
uncertainty for 2p 2po of ±20 cm- I

• Transitions from 
more highly excited one-electron states were observed in 
a laser-generated plasma by Brown et al. [1987]. The 
uncertainty of levels derived from these lines is 
± 10 000 em-I. Aglitskii and Panin [1985] reported two 
lines from doubly excited states 1s2p3p and Is2p4p, ob
served in a spark discharge. Their level uncertainty is 
± 15 000 cm -1. Lie and Elton reported the resonance 
transition from the 2po term of Is 2s 2p . 

tainty is based on the uncertainty of the 3d, 4d, and 4/, 
levels from which it is derived. 

References 

Aglitskii, E. V., and Panin, A. M. [1985], Opt. Spectrosc. (USSR) 58, 
4=>3. 

Brown, C. M., Ekberg, J. 0., Feldman, U., Seely, J. F., Richardson, M. 
C., Marshall, F. J., and Behring, W. E. [1987], J. Opt. Soc. Am. B 4, 
533. 

The value for the ionization energy was obtained by 
Brown et al. using core polarization formulas. Its uncer-

Knize, R. J., Ramsey, A. T., Stratton, B. C., and Timberlake, J. [1987], 
6th APS Topical Conf. Atomic Processes in High Temperature 
Plasmas, Santa Fe, NM. 

Lie, T. N., and Elton, R. C. [1971], Phys. Rev. A 3, 865. 

eu XXVI! 

Configuration Term J Level (cm-1) Leading percentages 

1S22s 28 1/2 0 

1S22p 2po Ih 44#899 
3/2 651 #32 

1S23s 28 1/2 11 711 000 

1S23p 2po 1/2 118#1000 
3/2 11903000 

1s23d 2D 312 11947000 
5/2 11967000 

1S24p 2po 3/2 15828000 

18 24d ?D 3/2 15850000 
5/2 15857000 

1S24f 2Fo 5h 15862000 
7h 15866000 

........... ............ ............. . ...... . ..................... 

Cu XXVIII (180) Limit 20870000 

1s2s2p 2po 67020000 

1s2p(3po)3p 2D 5/2 79260000 

1s2pepO)4p 2D 5/2 83090000 
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ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 

Cu XXVIII 

61S 

Z=29 

He I isoelectronic sequence 

Ground state Is2 ISO 

Ionization energy 89224060 ± 5000 cm- I (11 062.38 ± 0.62 eV) 

. Observations of the transition Is2 ISo-ls2p Ipr are re
ported in the following papers: 

Lie and Elton [1971] 

Turechek and Kunze [1975] 

AgIitskii and Panin [1985] 

Morita and Fujita [1985] 

Aglit1iky et ul [1988] 

1.484±O.OO5 A 
1.4780±O.OOlO A 

1.478±O.OO3 A 
1.4778±O.0004 A 

1.47758±O.OOOO7 A 

Drake [1988] reports a calculated value of 1.477587(2) A 
for this line. 

Turechek and Kunze were able to resolve the 
Is2-1s2p 3pr,2 levels at the c wavelengths 
1.4840 ± 0.0005 A and 1.4805 ± 0.0010 A, respectively. 
Transitions from Is3p and Is4p Ipr to the ground state 
were given by Aglitskii and Panin. 

We give calculated values by Drake [1988] for the 
Is2s and Is2p levels and the ionization energy. His esti
mated level uncertainty is ± 85 cm -I. We adopt an un
certainty of 5 parts in 105 representing the approximate 
difference between the best observations in this region of 
the sequence (see, e.g., Beiersdorfer et al [1989], and 
Drake [1988]). Drake's n =2 levels are 43±14 cm- I 

lower than those circulated privately by Drake in 1985, 
which included levels of the n = 3 shell. We include the 
latter reduced by 43 cm -I . 

Buchet et al. [1985] measured the energy of the transi
tion ls2s 3S I-ls2p 3p; as 483 910±200 cm- I • Drake's 
calculation gives the energy as 483 663 cm -I. 
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Scr. 38, 136. 
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Phys. Rev. A 40, 150. 
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Druetta, M., Grandin, J. P., Husson, X., Lecler, D., and Beyer, H. 
F. [1985], Nuc1. Instrum. Methods Phys. Res. B 9, 645. 
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Lie, T. N., and Elton, R. C. [1971], Phys. Rev. A 3,865. 
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Turechek, J. J., and Kunze, H. J. [1975], Z. Phys. A 273, 111. 

eu XXVIII 

Configuration Term J Level (em-l ) Leading percentages 

182 IS 0 0 

ls2s 3S 1 [67035100] 

ls2p 3po 0 [67 303020] 
1 [67322650] 
2 [67518 770] 

ls2s IS 0 [67324 770] 

ls2p Ipo 1 [67677830] 

ls3s 3S 1 [79453170] 

ls3p 3po 0 [79526970] 
1 [79 532 540] 
2 [79591180] 

ls3s IS 0 79530270 
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Cu XXVIII - Continued 

Configuration Term J Level (em-I) Leading percentages 

1s3d 3D 2 [79629680] 
1 [79630780] 
3 [79651350] 

183p Ip. 1 [79634280] 

1s3d ID 2 [79654140] 
....................... .............. ....... . ...................... 

Cu XXIX eSlId Limit 89224060 

.t. PIty .. Chlm. Ref. Data, Vol. 11, No.3, 1110 



Z=29 

H I isoelectronic sequence 

Ground state Is 2S112 

ENERGY LEVELS OF COPPER, CU I THROUGH CU XXIX 

Cu XXIX 

Ionization energy 93299090 ± 30 cm- 1 (11 567.617 ± 0.004 eV) 

615 

No measurement of resolved lines of this ion are yet 
available. We give the theoretical values for the Is, 2s, 
and 2p levels as well as the ionization energy calculated 
by Johnson and Soff [1985]. The estimated uncertainty of 
these quantities relative to the ground state is ± 30 em -1, 

while that of 2p 2po term splitting is ±2 em-I. Johnson 
and Soff's values agree with those calculated by Mohr 
[1983] within the uncertainties. 

tions for the ns levels as 8/ n 3 times his error of 310 em-I 
for 2s. The resulting errors for 3s, 4s, and 5s are 
±90 em-I, ±40 em-I, and ±20 em-I, respectively. For 
the rest of the levels with 11 ~3 we esthnate tht:: ullcer
tainty to be ±20 em -I, 

References 
For n = 3 to 5 the values for the energy levels were 

obtained by subtracting the binding energies calculated 
by Erickson [1977] from the Johnson and Soff value for 
the ionization energy. Assuming that the Lamb shift 
scales as l/n 3, we estimate the error in Erickson's calcula-

Erickson, G. W. [1977], J. Phys. Chern. Ref. Data 6,831. 

Configuration Term 

Is 28 

2p 2po 

2s 28 

3p 2po 

3s 28 

3d 2IJ 

4p 2p0 

4s 28 

4d 2IJ 

4f 2Fo 

5p 2po 

J 

1/2 

1/2 

3/2 

1/2 

1/l;l 

3/2 

1/2 

3/2 
5/2 

1/2 

3/2 

1/2 

3/2 
5/2 

5/2 
7/2 

1/2 

3/2 

jnhn~nn, w. R., and Snff, G. [lQR5], At. Data Nucl Data Tableg 33, 

405. 
Mohr, P. [1983], At. Data Nucl. Data Tables 29,453. 

Cu XXIX 

Level (em-I) Leading percentages 

0 

[69896140] 
[70162455] 

[69902760] 

[82927480] 
[83006 #9] 

[82929560] 

[83006306] 
[83032077] 

[87477540] 
[87510822] 

[87478420] 

[87510760] 
[87521643] 

[87521 623] 
[87527037] 

[89578924] 
[89596047] 
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Cu XXIX - Continued 

Configuration Term J Level (em-I) Leading percentages 

58 28 1/2 [89579376] 

5d 21) 3/2 [89595915] 
5/2 [89601488] 

5f 2Fo 5/2 [89601478] 
7/2 [89604251] 

5g 2G 7/2 [89604246] 
9/2 [89605906] 

• eo •••••••••••••••••••• .. ...... ...... ....... . .................... 
Limit [93299090] 
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